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PREFACE 

This habilitation treatise reviews my research activities into the synthesis of gold nano-

particles, their assemblies as thin films and freestanding membranes, and their potential 

applications as sensors and actuators. These activities were triggered when I started my 

first own research project as postdoctoral research fellow at the University of California at 

Los Angeles (UCLA) in 1996, where I studied the assembly of patterned metal nanoparticle 

films on solid substrates. After returning to Germany, I joined the Materials Science La-

boratories of the SONY Deutschland GmbH in Stuttgart in 1998, where I had the privilege 

to establish and lead a research group focused on the fabrication and characterization of 

chemical sensors based on gold nanoparticles. In 2007, I started my current position as 

research associate and lecturer at the University of Hamburg. Since then, I had the pleasure 

to supervise the projects of many highly talented Ph.D. students. Based on their outstanding 

qualification and dedication, it was possible to continuously advance the development of 

gold nanoparticle-based chemiresistors, to proceed the fabrication of gold nanoparticle 

films and freestanding membranes, and to explore their applications as novel types of 

highly responsive strain and pressure sensors, and actuators. 

This treatise is based on a selection of 40 publications, covering 25 years of continuous 

research into the above-mentioned topics. In order to provide a comprehensive presentation 

of the major achievements and to enable a coherent discussion of the central themes, this 

treatise is written as a non-cumulative text, divided into six chapters. After a general intro-

duction to sensors and the use of nanomaterials, especially gold nanoparticles, in sensing 

applications (Chapter 1), the following chapters guide the reader through the major topics 

and achievements regarding the synthesis of gold nanoparticles as well as the fabrication 

of gold nanoparticle films and freestanding membranes (Chapter 2), the optical, electronic, 

and mechanical properties of gold nanoparticle films and membranes (Chapter 3), their 

stimuli-responsive properties and applications as strain and pressure sensors (Chapter 4), 

as chemiresistors (Chapter 5), and as electrostatically driven actuators and resonators 

(Chapter 6). The last section of each chapter provides a short summary of the major findings 

and conclusions in the light of current research activities and outlines some emerging future 

challenges.  

A list of own publication referred to in this treatise is provided as Appendix A. Data taken 

from these publications are clearly identified by referring to Appendix A. Further, a 

complete record of my journal publications, conference proceedings, and patent appli-

cations is provided as Appendix B. My curriculum vitae is included as Appendix C. A 

confirmation that this treatise was written by myself without using any resources other than 

referred to in the text is provided as Appendix D. 
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CHAPTER 1 

Introduction: Sensors, Nanomaterials, and Gold Nanoparticles 

The focus of this treatise is on the fabrication and characterization of chemical and physical 

sensors based on assemblies of gold nanoparticles (GNPs). Hence, to illustrate the moti-

vation of research into this topic, this chapter outlines the increasing demand for sensors in 

modern society (Section 1.1) and highlights the major advantages of nanomaterials for the 

design of novel sensor devices (Section 1.2). Following these sections, the main part of this 

chapter (Section 1.3) introduces the broad diversity of analytical assays and sensor devices 

in which GNPs are being used as sensing materials. Finally, the last section provides a 

summary and a brief outline of the main topics addressed in the following chapters (Section 

1.4). 

1.1  Sensors in Modern Society 

Sensors are often defined as small electronic devices that transform physical or chemical 

information of their direct environment (e.g., temperature, pressure, humidity, chemical 

composition) into electrically measurable signals. A few decades ago, the use of sensors 

according to this definition was still limited to rather special applications. Metal oxide gas 

sensors, for example, were invented in the 1960s and commercialized as gas leakage 

detectors for domestic and industrial applications.1–4 Another prominent example is the 

lambda sensor, which is used since the 1970s to monitor the residual oxygen level in the 

exhaust-gas of combustion engines.5 Further, glucose sensors for personal use by diabetes 

patients were first commercialized in the 1980s.6 However, within the past three decades 

various technological innovations achieved in the course of the “Digital Revolution” have 

changed the situation dramatically. Especially, the rapidly progressing miniaturization of 

integrated electronics, the development of microelectromechanical systems (MEMS), and 

the ubiquitous availability of the internet, propelled the widespread use of internet-enabled 

mobile computers equipped with a broad variety of physical and chemical sensors. 

Nowadays, a look at the multiple functions of our smartphone reveals how sensors have 

become an indispensable part of daily life in modern society. For example, besides the 

microphone, touchscreen, and image sensors, a smartphone usually contains many more 

sensors, such as acceleration and gravity sensors, an ambient light sensor, a gyroscope, a 

magnetometer, and an infrared proximity sensor. In addition, some smartphones include 

barometric pressure sensors, temperature sensors, and humidity sensors7,8 Furthermore, in 

order to enable air quality monitoring and detection of hazardous materials, manufactures 

started to equip smartphones with gas sensors,9 particulate matter sensors,10 or even nuclear 

radiation sensors.11  

Smartphones are just one illustrative example for the multifaceted use of sensors in modern 

society. Areas in which various types of physical and chemical sensors are currently used, 

or needed to tackle future challenges, include all types of consumer electronics, soft 

robotics, healthcare and medical applications, environmental monitoring, industrial pro-

duction processes, smart buildings, automotive electronics, counter-terrorism fighting, and 
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military equipment. In the medical area, for example, physical sensors are needed to control 

smart prosthetics or to monitor physical conditions of patients, such as breathing and pulse-

wave patterns.12–18 Furthermore, chemical sensors can be used in medical diagnosis and 

metabolite monitoring, i.e., by detecting certain marker compounds in breath, sweat, and 

other body fluids.19–23 

 
Figure 1.1 Examples of chemical sensor applications in the Internet-of-Things (IoT) era.  

Currently, a key driving factor for the development of novel sensor technologies are major 

efforts aiming at the interconnection of numerous internet-enabled devices to build an 

“Internet of Things” (IoT).24–32 Central to this idea are networks of distributed mobile 

computers which collect, communicate, and process information, e.g., of their local en-

vironment or of processes in industrial production. To this end, various types of highly 

responsive chemical and physical sensors are needed as primary input devices. Combined 

with machine learning algorithms, these networks are currently revolutionizing automated 

industrial production processes. In this context the term “Industrialization 4.0” is frequently 

used. Most likely, the advancing IoT will continue to affect many aspects of our daily life, 

including building and home automation, medical- and healthcare, traffic and transporta-

tion, agriculture, manufacturing, energy management, and environmental protection. For 

example, the use of chemical sensors in the era of the IoT is illustrated in Figure 1.1. 
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Figure 1.2.1 Examples of physical and chemical sensors: a) A conventional resistive strain sensor 

comprises a meandering metal track on a flexible substrate as transducing element. b) In a typical 

gravimetric chemical sensor, the analyte molecules are absorbed within a polymer coating (sensitive 

layer) deposited onto a quartz crystal microbalance (QCM, transducer). The increased mass of the 

sensitive layer is measured as a shift of the QCM’s resonance frequency. c) A conventional metal 

oxide semiconductor gas sensor consists of a granular metal oxide (MOx) film. The sensing 

mechanism involves the oxidation of analyte molecules by ionosorbed oxygen at the surface of 

MOx particles (receptor function). This reaction changes the particles’ surface potentials 

controlling the charge transport through interparticle contacts. Thus, a transducer function can be 

assigned to the granular microstructure of the MOx film with numerous sensitive interparticle 

contacts. Adapted from Ref. 33: Oxide Semiconductor Gas Sensors, N. Yamazoe et al., Catalysis 

Surveys from Asia, 7, Springer Nature, 2003, reproduced with permisson from SNCSC. (DOI: 

10.1023/A:1023436725457) 

1.2  Sensors and Nanomaterials 

Sensors comprise materials that transduce the physical or chemical property of interest into 

observable and quantifiable signals, usually optical or electronic signals. For example, 

conventional strain gauges consist of a thin meandering metal track responding with a 

change in resistance when being strained (Figure 1.2.1a). Here, the metal track is the 

transducer which translates a force acting on the sensor into a measurable electrical signal. 

Photodetectors are typically made from semiconducting materials responding with a 

change in conductivity when exposed to light. Further, thermocouples comprise two 

dissimilar conductors forming a junction to produce a temperature dependent voltage. In 

chemical sensors the situation is more complex. Here, the presence of the analyte first needs 

to be translated into a change of some physical property which is then transduced into the 

measured signal. Hence, most chemical sensors can be described as consisting of two 

functional units: the sensitive layer with a receptor function and the transducer.3,34 In the 

initial sensing event, a physical property of the sensitive layer is changed due to the 

chemical interaction with the analyte. The transducer then translates this initial change into 

an optical or electronic signal. Numerous different principles are currently being used to 

transduce the chemical interaction of an analyte with the sensitive layer into an electrical 

signal, e.g., a change in resistance or capacitance, or a change of the faradaic current 

https://doi.org/10.1023/A:1023436725457
https://doi.org/10.1023/A:1023436725457
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measured in the course of an electrochemical reaction. Sorption of the analyte to the 

sensitive layer can also be transduced into an electric signal by employing microelectro-

mechanical transducers, e.g., quartz crystal microbalances (QCMs), surface acoustic wave 

(SAW) sensors, or cantilever sensors.35–37 Further, it is possible that binding of the analyte 

to the sensitive layer first results in an optical signal, e.g., a change in color of the sensitive 

layer, which can then be translated into a processable electric signal using a photodetector.38 

In some chemical sensors the sensitive layer and the transducing unit are clearly discernable 

entities. For example, a gravimetric vapor sensor may comprise a polymer film (sensitive 

layer) that is deposited onto a QCM transducer (Figure 1.2.1b). Sorption of vapor molecules 

within the polymer leads to an increase in mass that is electrically measured as a change of 

the QCM’s resonance frequency. In other sensors, however, the sensitive layer and the 

transducer do not form clearly discernable entities. For example, a traditional metal oxide 

(MOx) gas sensor consists of a granular metal oxide film deposited onto a substrate with 

suitable electrodes (Figure 1.2.1c). The reaction of the analyte at the surface of the MOx 

particles provokes changes of the particles’ surface potential and this alters the overall 

conductivity of the metal oxide film. Thus, the presence of the analyte can be measured as 

a change in the film’s resistance. Here, the sensing element and the transducer are formed 

from the same material. It is still possible to assign a receptor function to the surface of the 

MOx particles. Further, a transducer function can be assigned to the granular structure of 

the film enabling the sensitive charge transport mechanism3,33. However, in this case a 

straightforward materials-based distinction between a sensitive layer and a transducer is 

impossible. 

Key parameters for the performance of sensors are sensitivity, selectivity, as well as re-

sponse and recovery time. Further important features are the limit of detection (LOD), 

baseline drift, mechanical robustness and durability, power consumption, as well as the 

ability to miniaturization and integration. These features are set by the design and working 

principle of a sensor but also by specific materials properties of the sensitive layer and the 

transducer. Thus, over the past two decades, intense research efforts have been made to 

improve the performance of chemical and physical sensors by implementing novel ma-

terials and design principles. These studies clearly demonstrated that nanomaterials are 

excellently suited to boost the sensitivity and to optimize other performance parameters of 

sensors for specific applications.3,13–15,21,39–47 In fact, a broad variety of zero-dimensional 

(0D-) nanomaterials (e.g., semiconductor quantum dots, metal nanoparticles), one-dimen-

sional (1D-) nanomaterials (e.g., carbon nanotubes, metal and semiconductor nanowires 

and nanorods), and two-dimensional (2D-) nanomaterials (e.g., graphene, graphene oxide, 

transition metal chalcogenides) has been studied over the past two decades.22,39–42,48–52 Most 

nanomaterials can be produced and processed via standard physical and chemical pro-

cedures. As many nanomaterials can be handled like ordinary chemicals, it is possible to 

employ self-assembly techniques and simple deposition and printing methods for the 

fabrication of nanomaterials-based sensors and their integration into complex circuitry. 

Representative examples of sensors fabricated from 0D-, 1D-, and 2D-nanomaterials are 

presented in Figure 1.2.2. 
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Figure 1.2.2 Examples of sensor devices fabricated from 0D-, 1D-, and 2D-nanomaterials:  

a) Resistive strain gauge consisting of tracks assembled from gold nanoparticles. The perturbation-

sensitive charge transport along these tracks enables high sensitivity. Reprinted with permission 

from Ref. 53: Monolayered Wires of Gold Colloidal Nanoparticles for High-Sensitivity Strain 

Sensing, C. Farcau et al., J. Phys. Chem. C 2011,115, 14494. Copyright 2011 American Chemical 

Society. (DOI: 10.1021/jp202166s) b) Field effect transistor (FET) with highly selective responses 

to mercury ions in aqueous solution. The ion sensitive channel of this FET is formed by single-

walled carbon nanotubes (swCNTs) deposited onto a silicon substrate. Reprinted with permission 

from Ref. 54: Highly Selective Environmental Nanosensors Based on Anomalous Response of 

Carbon Nanotube Conductance to Mercury Ions, T. H. Kim et al., J. Phys. Chem. C 2009, 113, 

19393. Copyright 2009 American Chemical Society. (DOI: 10.1021/jp908902k) c) Chemiresistor 

based on a WS2 nanosheet as sensitive layer and transducer. The lower image shows responses of 

sensors with different nanosheet thicknesses (1, 2, and 4 monolayers) to acetone vapor. Reprinted 

with permission from Ref. 55: Improvement of Gas-Sensing Performance of Large-Area Tungsten 

Disulfide Nanosheets by Surface Functionalization, K. Y. Ko et al., ACS Nano 2016, 10, 9287. 

Copyright 2016 American Chemical Society. (DOI: 10.1021/acsnano.6b03631) 

A major advantage of nanomaterials employed as sensitive layers or transducers is the 

tunability of their chemical and physical properties. For example, in thin films of ligand-

stabilized and cross-linked metal nanoparticles the charge transport mechanism is based on 

quantum mechanical tunneling between the nanoparticles (Appendix A03.0256, 

A04.0457).58,59 Hence, the conductivity of these films is strongly affected by changes in the 

interparticle distances and, therefore, these films can be applied as highly responsive strain 

gauges53,60,61 (Appendix A08.0262, A18.0163) or chemiresistors64–66 (Appendix A03.0256, 

A08.0167, A16.0168). Furthermore, their sheet resistance, temperature coefficient of 

conductivity, spectral absorbance, and mechanical properties can be adjusted to meet the 

requirements for specific applications, e.g., by varying the size of the ligands or cross-

linkers, their molecular structure, or the size of the nanoparticles (Appendix A03.0256, 

A040457, A19.0369).58,59,70  

https://doi.org/10.1021/jp202166s
https://doi.org/10.1021/jp908902k
https://doi.org/10.1021/acsnano.6b03631
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Due to their extremely high surface-to-volume ratio, physi- or chemisorption of analyte 

species can significantly affect the overall physical properties of nanomaterials. Thus, 

nanomaterials can provide very effective signal transduction mechanisms in chemical 

sensors.3,21,40,41,43,50 Additionally, many nanomaterials can be deposited as highly porous 

films, promoting the fast diffusion of analyte molecule. Thus, they enable short response 

and recovery times. Furthermore, numerous protocols have been developed to adjust the 

chemical selectivity of nanostructured sensing materials. For example, the chemical 

selectivity of chemiresistors based on gold nanoparticle films has been tuned by cross-

linking the nanoparticles with hydrophilic, amphiphilic and hydrophobic dendrimers 

(Appendix A02.0271). In metal oxide based gas sensors the chemical selectivity can be 

adjusted by decorating their surface with catalytically active metal nanoparticles.3 In 

numerous other examples, biomolecules, such as polynucleotides, aptamers, antibody 

fragments, or enzymes have been coupled to nanostructured sensing materials to enable the 

specific detection of analytes.48,72–74 Sensors with such tunable chemical selectivity are well 

suited for the fabrication of sensor arrays which, combined with pattern recognition 

algorithms, are able to mimic the senses of taste and smell. Accordingly, liquid phase sensor 

arrays are termed “electronic tongues”, whereas gas sensor arrays are termed “electronic 

noses”.21,72,75–78 

Finally, nanomaterials are per se suited for miniaturization down to the nanoscale 

dimensions of their constituents. For example, transistors based on individual carbon 

nanotubes have been fabricated and used as biochemical sensors73 and gas sensors.79 Due 

to their small size, these sensors have extremely low power consumption. Therefore, they 

are highly interesting for mobile applications, including wearable or implantable sensors. 

However, the fabrication of such nanoscale sensors and their integration into complex 

circuitry is still challenging. Therefore, nanomaterials-based sensors usually comprise the 

nanomaterials as assemblies of nanoobjects, e.g., networks of nanotubes, or thin films of 

nanoparticles. 

1.3  Gold Nanoparticles as Sensing Materials: Analytical Assays and Sensor Devices 

Among the broad variety of nanomaterials proposed for sensing applications, gold nano-

particles (GNPs) belong to the most prominent examples. They possess a unique 

combination of chemical and physical properties making them excellently suited for 

sensing applications. Over the past decades numerous protocols have been developed for 

the well-controlled wet-chemical synthesis of GNPs with different shapes, adjustable size, 

and very narrow size distributions (Appendix A14.0280).81–84 By utilizing strongly binding 

ligands, especially thiols, the surface of GNPs can easily be functionalized to adjust their 

chemical properties to specific applications.85–88 Furthermore, after appropriate surface 

modification, GNPs are very stable and can be stored and handled like ordinary chemicals. 

Most sensing applications of GNPs are based on their electric conductivity or on the 

excitation of their localized surface plasmon resonance (LSPR). The latter is an oscillation 

of polarizable conduction band electrons excited by the interaction with electromagnetic 

radiation at a certain frequency.89,90 This oscillation gives rise to the intense red color of 

GNP dispersions. 
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Figure 1.3.1 Applications of GNPs in analytical assays. a) GNPs as color labels in immunoassays. 

b) GNP-based colorimetric aggregation assays, e.g., for the detection of DNA. c) GNPs can be used 

as fluorescence quenchers to provide an optical signal. d) The fluorescence of small GNPs (gold 

nanoclusters, GNCs) can be quenched, e.g., by the interaction with heavy metal ions, to provide an 

optical signal. e) GNPs decorated with Raman-active reporter compounds can be used as labels in 

SERS-based assays. f) GNP labels used in electrochemical immunoassays for signal amplification. 

There are two fundamentally different approaches in which GNPs are being used for 

sensing applications: On the one hand, GNPs are widely used as labels and analytical 

reagents in different types of assays, especially in bioanalytical assays for medical 

diagnosis.86,91–95 For this purpose, functionalized GNPs are applied as dispersions in 

aqueous media to detect the analyte. On the other hand, GNPs are used for the construction 

of various types of sensor devices with optical or electronic signal transduction.24,60,66,96–100 

Hence, in order to provide a comprehensive overview on predominant approaches to GNP-

based sensing applications, the following section will first focus on the use of GNPs in 

analytical assays. Afterwards, the application of GNPs in different types of physical and 

chemical sensors will be reviewed.  

Figure 1.3.1 presents an overview on applications of GNPs as labels and reagents in various 

types of analytical assays. Often, GNPs are used as color labels (Figure 1.3.1a). The most 

prominent examples are lateral flow immunoassays (LFIAs) which are commercially 

available and widely used as pregnancy tests and for the diagnosis of infectious diseases, 

such as COVID-19.93,101–104 Here, the GNPs are conjugated with antibodies (ABs) or AB-

fragments. When the antigen is present it links the GNP-AB conjugates at a certain position 

(test line) to the nitrocellulose membrane, which serves as the substrate. Thus, the presence 

of the antigen becomes visible as a red line of immobilized GNPs. Figure 1.3.2 illustrates 

the working principle of LFIAs and presents a commercial example. 
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Figure 1.3.2 GNPs used as color labels in lateral flow immunoassays (LFIAs). a) Working principle 

of an LFIA with GNP-AB conjugates as color labels: The sample is placed onto the sample pad (1) 

and dragged via capillary forces to the conjugation pad (2), where the antigen (green diamonds) 

reacts with the GNP-AB1 conjugate. When reaching the test line with immobilized capture 

antibodies AB1, the GNP-AB1 conjugates are coupled to the test line (3). A control line binds free 

GNP-AB1 conjugates (4), because a secondary antibody AB2 (against AB1) is immobilized at this 

position. Finally, the sample is absorbed by the absorbent pad (5). b) Example of a commercialized 

LFIA for the diagnosis of COVID-19 infection. 

In colorimetric aggregation assays (Figure 1.3.1b) the GNPs aggregate due to the 

interaction with the analyte. This aggregation alters the dielectric environment of the GNPs 

and leads to coupling of plasmon oscillations of neighboring GNPs.90 The resulting red-

shift of the plasmon absorbance can be observed as a color change from red to purple to 

blue. In the 1990s it was shown that such aggregation assays enable the specific detection 

of DNA.91,94,105,106 Numerous subsequent studies demonstrated that similar aggregation 

assays can be used for the detection of many other analytes, including different types of 

biomolecules, low molecular weight organic compounds (e.g., TNT, melamine), as well as 

metal cations and various anions in aqueous samples.45,86,88,107  

Other analytical assays have been developed relying on the energy transfer between 

fluorophores and GNPs.92,95 The energy transfer depends on various parameters, including 

the distance between the GNPs and the fluorophore, the relative spectral positions of the 

GNPs’ LSPR and the fluorophore’s absorption and emission bands, as well as the GNPs’ 

size. By tuning these parameters, it is possible to achieve either fluorescence quenching 

(very short interparticle distances, small GNP sizes) or enhancement (longer interparticle 

distances, larger GNP sizes).108,109 The majority of such assays utilize fluorescence 

quenching for signal transduction. For example, competitive assay formats have been 

developed in which fluorophore-labelled antagonist molecules compete with analyte 

molecules for binding to the GNPs (Figure 1.3.1c).95 When the sample contains the analyte, 

less binding of the added fluorophore-labelled antagonist takes place and, therefore, less 

fluorescence quenching is measured than in the absence of the analyte. Thus, the change in 
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fluorescence provides information on the analyte’s concentration. More recently, some 

GNP-based bioanalytical probes have been developed, which utilize both, fluorescence 

quenching and fluorescence enhancement, to achieve significantly enhanced sensitivity.110 

In several studies it has also been demonstrated that very small GNPs, usually smaller than 

~2 nm, are fluorescent. Thus, various assays have been developed in which the fluorescence 

of these gold nanoclusters (GNCs) is used for signal transduction. For example, heavy 

metal contaminants can be detected as they efficiently quench the GNCs’ fluorescence 

(Figure 1.3.1d).111 Additionally, fluorescent GNCs have been studied as labels in analytical 

assays for the detection of different ionic and molecular contaminants, as well as for various 

biomolecules.112 

The electric field enhancement caused by the LSPR in the immediate vicinity of GNPs, 

which enables above-mentioned fluorescence enhancement, is also being used in highly 

sensitive bioanalytical assays that are based on surface enhanced Raman scattering 

(SERS).92,93,95,113,114 For example, immunoassays have been developed in which GNPs are 

co-conjugated with Raman-active reporter molecules and ABs binding the target antigen 

(Figure 1.3.1e). When the antigen is present the tagged GNPs are coupled in a sandwich 

configuration to antibodies immobilized on a substrate. Then, the reporter’s SERS signal 

measured at the substrate’s surface reveals the presence of the analyte.114  

GNPs can also be used for signal amplification in electrochemical assays (Figure 1.3.1f). 

For example, the test sample is pipetted into a microwell with immobilized ABs. If the 

analyte (antigen, AG) is present, it binds to the immobilized ABs. A colloidal dispersion of 

AB-GNP conjugates is then added and AB-GNP conjugates bind to the immobilized ABs 

by forming a sandwich type configuration with the AG. After washing, the surface bound 

GNPs are chemically oxidized and the concentration of released Au3+ is detected via highly 

sensitive anodic stripping voltammetry (ASV). In this strategy, the amplification mecha-

nism is based on the fact that each coupled GNP provides thousands of Au3+ ions for each 

immobilized analyte molecule.115 Following this idea, a broad variety of similar 

electrochemical assays using GNPs for signal amplification have been reported over the 

past two decades.116–119 Furthermore, GNP-AB conjugates have also been employed as 

reagents in electroanalytical assays with catalytically enabled signal amplification. For 

example, GNPs co-conjugated with ABs and enzymes have been used in sandwich-type 

electrochemical immunoassays. If the antigen is present the GNPs are coupled to the 

electrode’s surface and, subsequently, the enzyme generates a redox-active species, which 

is detected via an electrochemical reaction.120–122 In related studies, it was demonstrated 

that the catalytic activity of GNPs itself can be used for signal amplification in sandwich-

type electrochemical immunoassays.123 
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Figure 1.3.3 GNP-based sensor devices. a) Thin films of GNPs are used as sensitive layers in 

resistive strain and pressure sensors. b) Colorimetric temperature sensors based on thermo-

responsive polymer beads decorated with GNPs. c) GNP thin films sandwiched between a 

transparent indium tin oxide (ITO) electrode and a silicon (Si) substrate respond to light with 

changes in conductivity and can be used as photodetectors. d) GNP layers deposited onto electrodes 

can be used in electrochemical sensors, e.g., to enable a direct electron transfer between the enzyme 

and the working electrode. e) Thin GNP films show changes in conductance upon sorption of an 

analyte and, thus, can be used as resistive chemical sensors. f) The optical properties of thin GNP 

films are affected by sorption of analyte molecules due to changes in the interparticle distances and 

of the dielectric environment. Thus, GNP films can be used as colorimetric chemical sensors. 

GNP-based sensor devices are especially relevant to the key topics addressed in this 

treatise. As indicated in Figure 1.3.3, strain and pressure sensors, temperature sensors, 

photodetectors, electrochemical sensors, chemiresistors, and colorimetric chemical sensors 

based on GNP sensing elements and transducers have been studied extensively during the 

past two decades.  

GNP-based resistive strain sensors consist of a thin layer or tracks of GNPs deposited onto 

a flexible polymer substrate (Figures 1.2.2a, 1.3.3a). When the substrate is strained the 

interparticle distances increase and the charge transport is impeded. As the conductivity of 

GNP films is based on thermally activated tunneling of charge carriers between 

neighboring GNPs, the increase in interparticle distances leads to an exponential increase 

in resistance. Hence, this type of signal transduction renders GNP-based strain sensors 1-2 

orders of magnitude more sensitive than conventional metal foil strain sensors. The first 

studies on such strain gauges were published in 2007/8 (Appendix A08.0262).61 Since then, 

numerous research groups explored different approaches to the fabrication of GNP-based 

strain sensors, improved their overall performance, and proposed possible applications, 

e.g., for health monitoring, smart prosthetics, and robotics (Appendix A12.0163).53,60,125–129 
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For example, Figure 1.3.4a shows the application of such strain sensors for pulse-wave 

monitoring (Appendix A18.0163). GNP-based resistive strain gauges will be discussed in 

detail in Chapter 4. 

 
Figure 1.3.4 Resistive GNP-based strain and pressure sensors. a) Strain sensor consisting of cross-

linked GNPs transferred onto a PDMS substrate with silver paste electrodes. The graphs show 

pulse-wave patterns recorded while resting (blue) and after exercise (red). Adapted with permission 

from Ref. 63: Fabrication of Strain Gauges via Contact Printing: A Simple Route to Healthcare 

Sensors Based on Cross-Linked Gold Nanoparticles, B. Ketelsen et al., ACS Appl. Mater. Interfaces 

2018, 10, 37374. Copyright 2018 American Chemical Society. (DOI: 10.1021/acsami.8b12057)  

b) Barometric pressure sensor based on a freestanding membrane of cross-linked GNPs (scale bar 

in the inset: 25 nm). The graph (blue) shows resistive responses to pressure variations (red). 

Reproduced from Ref. 124 with permission from the Royal Society of Chemistry. (DOI: 

10.1039/c5nr06937h) 

The working principle of above described GNP-based strain sensors has also been adapted 

for the construction of resistive pressure sensors (Appendix A16.06124, A20.01130).131 

Figure 1.3.4b shows a barometric pressure sensor based on a freestanding membrane of 

cross-linked GNPs. Additionally, pressure sensors with resistive or optical signal 

transduction mechanisms have been fabricated by embedding GNPs into flexible 

polymers.132,133 As the spectral position of the LSPR band in GNP assemblies is sensitive 

to variations in the interparticle distances, some studies proposed the application of 

GNP/polymer composites as colorimetric pressure sensors. Here, the applied pressure 

induced a decrease in plasmonic coupling, as recognized by a color shift from blue to 

red.134,135  

https://doi.org/10.1021/acsami.8b12057
https://pubs.rsc.org/en/content/articlelanding/2016/nr/c5nr06937h
https://pubs.rsc.org/en/content/articlelanding/2016/nr/c5nr06937h
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Figure 1.3.5 Skin temperature sensor based on GNP-decorated thermoresponsive microgel spheres. 

a) Exceeding the lower critical solution temperature (LCST) leads to shrinking of the microspheres 

and a color change from red to bluish-grey. b) The LCST can be adjusted by the microgels’ 

composition. Thus, an array of five temperature sensors with different LCSTs was fabricated to 

enable the precise recognition of skin temperature. Reproduced under a Creative Commons 

Attribution 4.0 International License from Ref. 99: Stretchable and Wearable Colorimetric Patches 

Based on Thermoresponsive Plasmonic Microgels Embedded in a Hydrogel Film, A. Choe et al., 

NPG Asia Materials 2018, 10, 912. © The authors 2018. (DOI: 10.1038/s41427-018-0086-6) 

As mentioned above, the conductivity of GNP films is based on thermally activated 

tunneling of charge carriers between neighboring particles. Thus, it is conceivable to utilize 

GNP films as resistive temperature sensors. However, while numerous fundamental studies 

investigated the thermally activated conductivity of GNP assemblies to elucidate the 

underlying charge transport mechanism58, only few studies addressed the fabrication of 

wearable resistive temperature sensors from metal nanoparticles.60,136–138 Other studies 

proposed the application of GNPs for the design of plasmonic temperature sensors. For 

example, GNPs were coupled to a gold-coated substrate using a thermoresponsive polymer 

linker.139 When varying the temperature, a structural change of the polymer induced a 

change in the distance between the GNPs and the gold surface which significantly affected 

the surface plasmon resonance spectrum of the system. In a related approach, GNPs were 

deposited onto the surface of thermoresponsive microgel spheres with adjustable transition 

temperature (Figure 1.3.3b).99 By increasing the temperature above the transition 

temperature the size of the microgel spheres decreased reversibly and, thus, the distances 

between the GNPs decreased. Since a decreased interparticle distance leads to enhanced 

plasmonic coupling the temperature change was observable as a color change from red to 

blue. By embedding these GNP-microgel composites into soft polymer patches, colori-

metric temperature sensors were produced which can be attached directly onto the skin to 

monitor the human body temperature (see Figure 1.3.5). With such sensors it is possible to 

achieve short response times (1 s) and a temperature-sensing resolution of 0.2 °C.  

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41427-018-0086-6
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Finally, it should be noted that some studies explored the design of nanothermometers 

based on fluorophore-GNP conjugates.140–142 In these nanothermometers the distance 

dependent energy transfer between the fluorophores and the GNPs is utilized for signal 

transduction. Here, the temperature variation induces a structural change which brings 

about a change in the fluorophore-GNP distance. Thereby, the temperature change is 

translated into a change of fluorescence. In general, such nanothermometers are used to 

measure local temperatures with ultrahigh spatial resolution, e.g., in living cells or micro-

electronic circuits.143,144 

The photoconductivity of GNP films has been addressed in a number of fundamental 

studies.145,146 For example, the photoconductance of monolayer films from alkanethiol-

stabilized GNPs is strongly enhanced at the frequency of the GNPs’ LSPR band. This effect 

was attributed to bolometric heating and trap state dynamics.147,148 Additionally, it was 

shown that the photoconductivity of GNP films can be tuned by incorporating photo-

responsive molecules into the gaps between GNPs, demonstrating that such photo-

switchable GNP films can be used as modules in optoelectronic devices.149,150 Other 

publications described UV/vis-NIR photodetectors using close-packed films of ligand-

stabilized GNPs (Figure 1.3.3c).151,152 These detectors were fabricated by depositing GNP 

films via spin-coating onto silicon substrates, which served as bottom electrode. Glass 

substrates with an indium tin oxide (ITO) layer were placed onto the GNP films to provide 

transparent top electrodes. Here, the photocurrent generation was attributed to inter-GNP 

photoejection and electron-hole pair delocalization, enabling quantum yields of up to 0.1, 

which is comparable to that of commercial Si photodetectors. A major advantage of these 

photodetectors is seen in their possible fabrication via ink-based print methods.98 

Several other studies demonstrated that the performance of photodetectors based on semi-

conductors or graphene can be improved significantly by the plasmonic enhancement of 

photocurrent with GNPs.153–160 For example, the quantum efficiency of a photodetector 

based on a back-gated graphene layer was significantly enhanced after depositing GNPs 

onto the graphene layer.159 This amplified photoresponsivity was attributed to the locally 

enhanced optical field caused by the GNP’s plasmonic excitation. Similar studies 

investigated the fabrication of stretchable graphene-based photodetectors160 and MoS2-

based photodetectors with plasmonically enhanced photocurrents.156,157 In another study, a 

photodetector based on semiconductor nanowires was significantly improved by decorating 

the nanowires with GNPs. Here, the enhancement in photocurrent was attributed to the 

direct injection of hot electrons from the GNPs into the semiconductor nanowires.155 

Electrochemical sensors with GNP-modified working electrodes are being explored since 

the early 1990s. In a straightforward approach, GNPs are deposited onto the working 

electrode to enlarge the active electrode surface area and to enable the electrocatalytically 

enhanced and selective detection of various analytes (e.g., dopamine, seratonine, ephedrine, 

ascorbic acid, uric acid, tryptophane, bilirubin, cytochrome C, hemoglobin) via voltam-

metry.117 Often, GNPs are combined with other nanomaterials, such as carbon nanotubes 

or graphene,161–164 or they are cross-linked to form a 3D conductive network in which the 

cross-linkers are utilized to tune the chemical selectivity.97 The highly selective detection 
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of biomolecules, e.g., DNA and AGs, has been achieved by modifying the working 

electrode with complementary DNA- or AB-conjugated GNPs.117,165–170 In these sensors, a 

redox couple is added to enable the electrochemical detection of the analyte. The observed 

changes in faradaic current are caused by the interaction of the analyte with the GNP 

conjugates, leading to decreased mass transport of redox active species or changes of their 

concentration near the electrode. 

In a more sophisticated approach, redox enzymes, e.g., horseradish peroxidase (HRP) and 

glucose oxidase (GOD), have been conjugated to GNPs and connected to the working 

electrode (Figure 1.3.3d).117,171 This approach provides several advantageous: (i) Due to 

the small size of the GNPs a close contact to the enzyme is sterically possible without 

degrading the enzymatic activity. (ii) Due to the intimate contact between the enzyme and 

the GNP a direct charge transport from the enzyme’s redox center to the GNP and from 

there to the electrode’s surface is enabled without the need of additional mediators. 

Electrodes with such directly “wired” enzymes are often referred to as Third-Generation 

Electrodes (in contrast to Second-Generation Electrodes that require additional redox-

active mediators, and First-Generation Electrodes that use the product of the enzymatic 

reaction as redox-active species).172 (iii) The modification of the electrodes with GNPs 

increases the surface roughness, leading to enhanced enzyme loading and enlarged active 

electrode areas with higher current flow. 

A first example of an enzyme-GNP-modified electrode was already reported in 1992.173 In 

that study HRP, which catalyzes the reduction of H2O2, was conjugated to GNPs. The 

obtained conjugates were deposited onto glassy carbon electrodes. With these electrodes it 

was possible to reduce H2O2 via direct electron transfer at a convenient rate and at 0 V 

(Ag/AgCl) without the addition of any redox mediator. Such electrodes can be used for the 

mediator-free detection of H2O2 and various biomolecules (e.g., glucose, cholesterol) 

which produce H2O2 in the presence of their corresponding oxidase enzymes. Following 

this work, HRP-GNP modified electrodes have intensively been studied.117,171 For example, 

HRP-GNP electrodes have been integrated into microfluidic channels. These sensors 

enable the highly sensitive mediator-free detection of H2O2 with a lower limit of detection 

(LOD) of 5 nM.174  

In a groundbreaking example, Willner and co-workers reported the fabrication of a third-

generation glucose electrochemical sensor.175 The strategy of their approach is depicted in 

Figure 1.3.6. GNPs were functionalized with the cofactor of glucose oxidase, i.e., flavin 

adenin dinucleotide (FAD), as shown in Figure 1.3.6a. By “plugging” the conjugated 

cofactor into apo-glucose oxidase the functional enzyme was reconstructed and wired to a 

macroscopic gold electrode by attaching the GNPs through aromatic dithiol linker 

molecules. Here, an important function of the GNP was to wire the redox active center of 

the enzyme to the electrode. The bioelectrocatalyzed oxidation of glucose was 

demonstrated by cyclovoltammetry (CV) as shown in Figure 1.3.6b. These experiments 

revealed that the electron transfer rate was ~7 times higher than the rate at which molecular 

oxygen, the natural electron acceptor of the enzymatic reaction, accepts electrons under 

formation of hydrogen peroxide. 
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Figure 1.3.6 Electrochemical glucose sensor based on glucose oxidase (GOx) wired to the working 

electrode via “plugged in” GNPs. a) Two different strategies ((a) and (b)) were used to wire the 

GOx-FAD conjugated GNPs (Au55) to the electrode. The molecular structure of FAD (flavin 

adenine dinucleotide) is shown as structure (1). The different spacers used to link the GNP to the 

electrode are shown as molecular structures (2) to (4). b) Cyclovoltammograms (CVs) revealing 

the bioelectrocatalyzed oxidation of glucose by the enzyme-modified electrode. The CVs were 

recorded at glucose concentrations ranging from 0 to 50 mM, as indicated (a - e). From Xiao et al., 

“Plugging into Enzymes”: Nanowiring of Redox Enzymes by a Gold Nanoparticle, Science 2003, 

299, 1877 (Ref. 175). Reprinted with permission from AAAS. (DOI: 10.1126/science.1080664) 

The first GNP-based chemiresistor type sensor (Figure. 1.3.3e) was reported in 1998 by 

Wohltjen and Snow.65 In the following two decades, numerous studies have been conducted 

in order to elucidate the underlying sensing mechanism and to explore possible applica-

tions.3,64,66,68,176 These chemical sensors are usually fabricated by depositing ligand-

stabilized GNPs onto a solid substrate with suitable electrodes. When volatile compounds 

https://doi.org/10.1126/science.1080664
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are absorbed within the ligand matrix, the film swells and the interparticle distances 

increase (Appendix A16.0168). Thus, similar to the strain sensors described above, the 

charge transport through the material is impeded and the film’s resistance increases. In 

addition, changes in the GNPs’ dielectric environment due to sorbed analyte or self-

dissociation of sorbed water molecules can also affect the films’ conductivity (Appendix 

A07.02177, A16.0168, A19.02178). Consequently, these GNP films are well-suited for the 

resistive detection of volatile organic compounds (VOCs) and gases, and to monitor relative 

humidity levels.178,179 Figure 1.3.7 presents the example of a flexible humidity sensor based 

on a thin film of polyethylene glycol stabilized GNPs. Compared to conventional metal 

oxide gas sensors, GNP-based chemiresistors usually respond faster and, as they do not 

require elevated operating temperatures, they have significantly lower power consumption. 

Furthermore, by varying the chemical nature of the GNPs’ ligands, the chemical selectivity 

of these sensors can easily be adjusted. Using this advantage, senor arrays comprising a 

number of chemiresistors with different selectivity have been fabricated and tested as 

electronic noses for medical diagnosis, e.g., by classifying the respiratory air of 

patients.20,21,180,181 Very recently, it was shown that arrays of GNP-based chemiresistors can 

be used for the diagnosis of COVID-19 via breath analysis.19 GNP-based chemiresistors 

will be discussed in detail in Chapter 5.  

The above-described changes in particle distances and dielectric properties induced in GNP 

films by analyte sorption, also affect the films’ optical properties.182,183 Thus, GNP films 

have been used for the design of chemical sensors with colorimetric signal transduction 

(Figure 1.3.3f).184–186 For example, exposing thin films of polyethyleneglycol-stabilized 

GNPs to vapors of VOCs and water changes the signature of the GNPs’ LSPR band. As 

these spectral changes depend on the specific properties of the analytes, it is possible to 

discern different analytes by monitoring variations of the LSPR band at different 

wavelengths. Evaluating these data via principal component analysis (PCA) the different 

analytes can be classified according to their refractive index. With this approach it is 

possible to analyze the composition of binary VOC mixtures.185 In another study, a detector 

for gas chromatography (GC) was proposed which was constructed by depositing GNPs on 

the inner wall of a glass capillary. The fiber was optically coupled to a green light emitting 

diode (LED). When analyte vapors from a GC column were flowing through the capillary, 

changes of the GNPs’ LSPR signature could be detected by a photodiode coupled to the 

other end of the capillary.184 However, it is to note that compared to above-mentioned 

studies on GNP-based chemiresistors, much less attention has been payed to the 

development of GNP-based chemical sensors with optical signal transduction. Most likely, 

this is due to the less complicated implementation of sensors with resistive signal 

transduction compared to those with optical signal readout. 
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Figure 1.3.7 Chemiresistive humidity sensor based on an inkjet-printed layer of polyethylene 

glycol- (PEG-) stabilized GNPs. a) The upper figure part shows a transmission electron microscopy 

(TEM) image of the PEG-stabilized GNPs used for sensor fabrication. These GNPs were co-

functionalized with 11-mercaptoundecanoic acid (MUA). The middle and lower figure parts show 

a schematic and an optical micrograph of the printed sensor device, respectively. b) The sensor was 

inserted into a breathing mask (upper figure part) and, due to its short response and recovery times, 

the sensor could be used for breath monitoring. Reprinted with permission from Ref. 178: Highly 

Responsive PEG/Gold Nanoparticle Thin-Film Humidity Sensor via Inkjet Printing Technology, 

C. H. Su et al., Langmuir 2019, 35, 3256. Copyright 2019 American Chemical Society. (DOI: 

10.1021/acs.langmuir.8b03433) 

1.4  Summary and Outline of this Treatise 

In modern society, the rapidly progressing digitalization and the development of new equip-

ment for the IoT drives the need for a broad variety of sensors. Numerous studies have 

shown that 0D-, 1D-, and 2D-nanomaterials are excellently suited for the design of physical 

and chemical sensors with previously unmatched performance.  

Among the different nanomaterials studied, GNPs belong to the most promising candidates. 

As sensing materials, they provide a set of highly desirable features, such as their LSPR, 

electric conductivity, ease of synthesis and surface modification, sufficient chemical and 

physical stability in dispersion or after deposition as thin films. On the one hand, surface-

modified GNPs can be employed as reagents in various types of analytical assays, 

especially bioanalytical assays. For example, LFIAs based on bioconjugated GNPs have 

successfully been commercialized as pregnancy tests or for the diagnosis of infectious 

diseases, such as COVID-19. On the other hand, significant efforts have been focused on 

the development of physical and chemical sensor devices employing thin films of GNP 

assemblies as transducers and sensing elements. For example, numerous studies 

demonstrated the application of GNP films as highly responsive resistive strain sensors and 

vapor sensors, which are also in the focus of this treatise.  

https://doi.org/10.1021/acs.langmuir.8b03433
https://doi.org/10.1021/acs.langmuir.8b03433
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The application of GNP films as resistive sensors requires the synthesis of GNPs and their 

deposition onto suitable substrates. Furthermore, the integration of GNP films into complex 

circuitry and the fabrication of sensor arrays require the controlled patterning of GNP films 

on selected areas of the substrate. Hence, significant efforts have been focused on the 

development of techniques enabling the deposition of homogeneous GNP films onto solid 

and flexible substrates and to pattern these films using subtractive lithographic methods or 

additive printing processes. Moreover, since the last several years, the fabrication of 

freestanding nanoassemblies and their potential applications are gaining increasing 

attention. Thus, Chapter 2 of this treatise presents relevant methods for the synthesis and 

surface modification of GNPs, techniques for the fabrication of substrate-supported GNP 

films and freestanding GNP membranes, and approaches to patterned GNP films. 

Furthermore, the rational design of GNP-based sensors requires the fundamental 

understanding of the films’ physical properties. Thus, the characteristic optical, electrical, 

and mechanical properties of GNP films are the focus of Chapter 3.  

Chapter 4 focuses on the strain sensitive charge transport properties of GNP films and 

highlights their potential application as sensors for human motion detection and pulse wave 

monitoring. This chapter also presents our work on barometric pressure sensors based on 

freestanding GNP membranes. The resistive responses of GNP films to sorption of analytes 

from the gas phase and their potential application as gas and vapor sensors, are the topic of 

Chapter 5. This chapter also addresses the design and fabrication of GNP-based 

chemiresistor arrays.  

Recently, a review article highlighted the properties and potential applications of 

freestanding nanoassemblies.187 On the one hand, freestanding GNP membranes are well-

suited for studying their mechanical and electromechanical properties, e.g., via conductive 

nanoindentation experiments or atomic force microscopy (AFM) bulge experiments. 

Understanding and controlling these properties is especially important when GNP films 

and membranes are employed as above-mentioned strain and pressure sensors. On the other 

hand, freestanding GNP membranes offer the opportunity for designing novel types of 

electrostatically driven actuators and resonators. Thus, Chapter 6 highlights some of our 

recent studies regarding such devices and their potential application as electromechanical 

chemical sensors. 
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CHAPTER 2 

Synthesis of Gold Nanoparticles, Surface Modification, and Fabrication 

of Gold Nanoparticle Films 

This chapter is divided into four major sections: The first section presents methods for the 

synthesis of citrate-, thiol-, and amine-stabilized gold nanoparticles (GNPs), which have 

been refined or reproduced within the studies of this treatise (Section 2.1). The second 

section focuses on the surface modification of GNPs (Section 2.2). In the studies of this 

treatise, ligand-exchange reactions have been employed to improve the colloidal stability 

of GNPs, to deposit cross-linked GNP films, and to tune the chemical selectivity of GNP-

based chemiresistors. The third section presents various methods for the fabrication of 

substrate-supported GNP films, freestanding GNP membranes, and patterned GNP films, 

which are relevant to subsequent chapters of this treatise (Section 2.3). The last section 

presents some conclusions and addresses current trends and challenges for future works 

(Section 2.4). 

2.1  Synthesis of Gold Nanoparticles 

2.1.1 Citrate-Stabilized Gold Nanoparticles 

GNPs are usually prepared via wet-chemical syntheses in aqueous media or organic 

solvents.1,2 In 1951 Turkevich and coworkers reported a protocol which is still prevalently 

used for the synthesis of spherical, citrate-stabilized GNPs in aqueous solution.3 This 

method is based on the reduction of chloroauric acid with citrate. By adjusting the reaction 

conditions the diameter of obtained GNPs can be tuned in the range from ~4 to ~150 nm.2,4,5 

Larger GNPs, with diameters of up to 300 nm, can be achieved by combining the Turkevich 

method with a seeded growth procedure.6,7  

Figure 2.1.1a presents the proposed reaction mechanism of the Turkevich synthesis 

(Appendix A14.028):3,9 First, citrate is oxidized to acetonedicarboxylate (ADC) while Au3+ 

is reduced to Au+. Complexation of formed Au+ by ADC then triggers the nucleation of 

GNP seeds via disproportionation of Au+. Finally, GNP growth proceeds by reductive 

deposition of the gold precursor on formed nuclei. In order to achieve a narrow particle size 

distribution, it is crucial to enable a fast nucleation process and to promote diffusive particle 

growth, as schematically indicated in Figure 2.1.1b. Several studies indicated that fast 

nucleation can be achieved by enforcing the intermediate formation of Au+-acetone-

dicarboxylate complexes (Appendix A14.028).9 Thus, sufficiently high concentrations of 

ADC are required in the beginning of the reaction. This condition can be achieved by 

simply reversing the addition of reagents in the original Turkevich protocol, i.e., by using 

the so-called inverse Turkevich method.9 According to this inverse method, an aqueous 

solution of sodium citrate is first heated to produce ADC via oxidative decomposition of 

citrate. The gold precursor is then added to the hot citrate/ADC mixture and fast nucleation 

leads to the formation of GNPs with narrow size distribution.  
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Figure 2.1.1 a) Proposed reaction mechanism for the synthesis of citrate-stabilized GNPs in 

aqueous solution according to the Turkevich method. b) Fast nucleation with subsequent diffusive 

growth promotes the formation of monodisperse GNPs. c) The degree of dissociation of citric acid 

and the formation of different Au3+-hydroxyl complexes with different reactivity depends on the 

pH of the reaction mixture. Adapted with permission from Ref. 8: Little Adjustments Significantly 

Improve the Turkevich Synthesis of Gold Nanoparticles, F. Schulz et al., Langmuir 2014, 30, 

10779. Copyright 2014 American Chemical Society. (DOI: 10.1021/la503209b) 

The overall reaction mechanism, however, is more complex than suggested by Figure 

2.1.1a and, so far, not completely understood. As reported by Schulz et al., the well-

controlled synthesis of GNPs with an average diameter of ~15 nm and a size distribution 

of ~11% is possible by adjusting the pH of the reaction mixture using a citric acid/citrate 

buffer (Appendix A14.028). To explain this finding, it was suggested that the degree of 

citric acid dissociation as well as the pH-dependent formation of different Au3+-hydroxyl 

complexes with different reactivity, as indicated in Figure 2.1.1c, influences the course of 

involved reaction processes. Additionally, it was shown that by optimizing the procedure 

used for mixing the precursor solutions, it is possible to synthesize GNPs with an average 

diameter of ~12 nm, a standard deviation of  8 %, and a batch-to-batch size variation 

below 3%.8 Furthermore, the same study also demonstrated that the addition of small 

amounts of ethylenediaminetetraacetate (EDTA) to the reaction mixture significantly 

improves the formation of GNPs with uniform spherical shape. Figure 2.1.2a shows the 

effect of the optimized reaction conditions on particle size, size distribution, and batch-to-

batch variation. The TEM image shown in Figure 2.1.2b reveals the formation of GNPs 

https://doi.org/10.1021/la503209b
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with uniform size and spherical shape. In one of our subsequent works we used GNPs 

synthesized by the method of Schulz et al. for the fabrication of highly responsive humidity 

sensors, which will be described in Chapter 5 (Appendix A19.0210). 

 
Figure 2.1.2 a) Batch-to-batch size variation of citrate-stabilized GNPs synthesized via the inverse 

Turkevich method, the inverse method with pH optimization using a citric acid/citrate buffer (75% 

citrate, 2.2 mM total concentration), and with a pH- and mixing-optimized protocol. b) Size 

distributions of GNPs synthesized with the inverse method or with the pH- and mixing-optimized 

method in the presence of EDTA (0.02 mM). Inset: Representative TEM image of GNPs 

synthesized with the optimized method. Adapted with permission from Ref. 8: Little Adjustments 

Significantly Improve the Turkevich Synthesis of Gold Nanoparticles, F. Schulz et al., Langmuir 

2014, 30, 10779. Copyright 2014 American Chemical Society. (DOI: 10.1021/la503209b) 

2.1.2 Thiol-Stabilized Gold Nanoparticles 

Spherical GNPs with core diameters ranging from ~1 to ~20 nm are often prepared in 

organic solvents.2 Over the past three decades, various protocols have been developed, 

usually referring to the procedure of Brust et al.11 According to this method, a gold 

precursor is transferred into an organic solvent and a suitable reducing agent is added in 

the presence of organic ligands. The ligands bind to the surface of formed GNPs and, thus, 

prevent aggregation of formed particles via steric stabilization. In the original Brust-

Schiffrin protocol, tetrachloroauric(III) acid is used as gold precursor and transferred in a 

two-phase system from the aqueous phase into toluene using tetraoctylammonium bromide 

(TOAB) as phase transfer reagent. After addition of 1-dodecanethiol as stabilizer, GNPs 

are formed by reducing the gold precursor with sodium borohydride, added under vigorous 

stirring to the two-phase mixture. GNPs prepared by this method have typical sizes of 3-4 

nm with rather broad size distributions. Hence, subsequent studies focused on improving 

the protocol to enable better control over particle sizes and narrower size distributions. 

Along these efforts, Zheng et al. reported a one-step one-phase protocol for the synthesis 

of alkanethiol-stabilized GNPs.12 In order to avoid a heterogeneous two-phase reaction 

mixture they used chloro(triphenylphosphine)gold(I) (AuPPh3Cl) as gold precursor and 

tert-butylamine-borane complex as reducing agent. Both compounds are soluble in 

nonpolar organic solvents and, therefore, the aqueous phase, which is needed in the Brust-

protocol to dissolve tetrachloroauric(III) acid and sodium borohydride, is avoided. 

Furthermore, compared to sodium borohydride the tert-butylamine-borane complex has a 

https://doi.org/10.1021/la503209b
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weaker reducing ability.13 Therefore, the course of the reaction can be controlled by 

adjusting the temperature. As a result, this method enables the synthesis of alkanethiol-

stabilized GNPs with average core sizes ranging from 2 - 8 nm and extremely narrow size 

distributions (<5%). Due to their uniform size, these GNPs tend to spontaneously form 

supercrystalline materials.12,14 In some of our own works, we used such supercrystalline 

materials to study the sensing mechanism of GNP-based vapor-sensing chemiresistors, as 

will be discussed in detail in Chapter 5 (Appendix A16.0115, A16.0216). Figure 2.1.3 shows 

TEM and SEM images of 1-dodecanethiol-stabilized GNPs prepared in this context 

following the procedure of Zheng et al.12  

 
Figure 2.1.3 Figure parts a) and e) show TEM images of differently sized 1-dodecanethiol-

stabilized GNPs prepared following the procedure of Stucky and coworkers.12 GNPs shown in a) 

and e) have a size of (3.9  0.2) nm and (5.6  0.2) nm, respectively. Figure parts b), c), and f), g) 

show SEM images of the particle samples at different magnifications, and figure parts d) and h) 

show the Fourier transforms of c) and g). The scale bars are 20 nm in a), e), c) and g) and 10 µm in 

b) and f). Reproduced from Ref. 16 with permission from the Royal Society of Chemistry. (DOI: 

10.1039/C6RA24241C) 

2.1.3 Amine-Stabilized Gold Nanoparticles 

As described above, organic thiols are frequently used as effective stabilizers in the 

synthesis of GNPs as they form a very strong sulfur-gold (S-Au) bond. However, many 

applications of GNPs require the post-synthetic modification of their surface, as described 

in Section 2.2 (see below). Thus, it is often desirable to synthesize GNPs with initial ligands 

forming weaker bonds to the gold surface. Subsequently, the initial ligands can be 

exchanged by other ligands, with suitable functional groups to adjust the GNPs’ surface 

properties.  

To this end, amines are frequently used in the synthesis of GNPs in organic solvents, as 

they are easily exchanged by thiols, disulfides, or other amines. The synthesis of amine-

stabilized GNPs was first reported by Leff et al.17 Essentially, this method is based on the 

https://pubs.rsc.org/en/content/articlehtml/2017/ra/c6ra24241c
https://pubs.rsc.org/en/content/articlehtml/2017/ra/c6ra24241c
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Brust protocol in which dodecylamine is used instead of 1-dodecanethiol as stabilizing 

ligand. Similar to the Brust protocol, this method produces GNPs with typical diameters of 

3-4 nm and size distributions varying between 10 to 25%. GNPs prepared by the Leff 

protocol have been used in numerous of our own studies for the fabrication of cross-linked 

GNP films and freestanding membranes. These studies will be presented in Chapters 3 - 6. 

Figure 2.1.4a shows an exemplary TEM image of GNPs synthesized by the Leff protocol 

(Appendix A12.01, Supporting Information18). 

 
Figure 2.1.4 TEM images of amine-stabilized GNPs synthesized in organic solvents. a) Dodecyl-

amine-stabilized GNPs prepared by the Leff method.17 The particles have an average diameter of 

(3.9  0.5) nm. Adapted with permission from Ref. 18: Cross-Linked Gold Nanoparticles on Poly-

ethylene: Resistive Responses to Tensile Strain and Vapors, N. Olichwer et al., ACS Appl. Mater. 

Interfaces 2012, 4, 6151. Copyright 2012 American Chemical Society. (DOI: 10.1021/am301780b) 

b) Oleylamine-stabilized GNPs synthesized using the protocol of Shen et al.19 These particles have 

an average size of (9.1  0.8) nm. Adapted with permission from Ref. 18: Cross-Linked Gold 

Nanoparticles on Polyethylene: Resistive Responses to Tensile Strain and Vapors, N. Olichwer et 

al., ACS Appl. Mater. Interfaces 2012, 4, 6151. Copyright 2012 American Chemical Society. (DOI: 

10.1021/am301780b) c) 1-Dodecylamine-stabilized GNPs synthesized using the method of Peng et 

al.20 The particles have an average size of (7.4  1.1) nm. Adapted with permission from Ref. 21: 

Fabrication of Strain Gauges via Contact Printing: A Simple Route to Healthcare Sensors Based on 

Cross-Linked Gold Nanoparticles, B. Ketelsen et al., ACS Appl. Mater. Interfaces 2018, 10, 37374. 

Copyright 2018 American Chemical Society. (DOI: 10.1021/acsami.8b12057) 

Following the publication of Leff et al.17, several studies reported alternative routes to 

amine-stabilized GNPs with more versatile control over GNP sizes and improved size 

distributions. For example, Shen et al. reported a facile one-pot synthesis of oleylamine-

stabilized GNPs.19 According to their protocol, tetrachloroauric(III) acid is dissolved in a 

mixture of oleylamine and toluene. Here, the amine is the stabilizer and the reducing agent. 

Upon heating, the gold precursor is reduced and GNPs are formed while oleylamine is 

oxidized to its corresponding imine and nitrile products.22,23 The size of obtained GNPs can 

be controlled in the range from 9 - 24 nm by adjusting the reaction temperature. Typical 

size distributions range between 6 – 12 %. Figure 2.1.4b shows a TEM image of oleyl-

amine-stabilized GNPs prepared following the method of Shen et al.18,19 In one of our own 

studies we used such oleylamine-stabilized GNPs for the fabrication of chemiresistors and 

strain gauges on polyethylene (PE) substrates (Appendix A12.0118). 

Another approach to oleylamine-stabilized GNPs with tunable average sizes ranging from 

2 - 10 nm and very narrow size distributions (<7%) was reported by Peng et al.20 According 

https://doi.org/10.1021/am301780b
https://doi.org/10.1021/am301780b
https://doi.org/10.1021/am301780b
https://doi.org/10.1021/acsami.8b12057
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to their protocol, tetrachloroauric(III) acid is dissolved in a mixture of oleylamine and 

tetralin. As reducing agent tert-butylamine-borane complex is used, which is quickly 

injected into the gold precursor solution under vigorous stirring to instantaneously induce 

GNP nucleation. The particle sizes are controlled by adjusting the reaction temperature, 

whereby higher temperature results in the formation of smaller particles, due to the 

increased number of initially formed seeds. In some of our own works we modified the 

approach of Peng et al. to synthesize dodecylamine-stabilized GNPs, which we used for 

the fabrication of resistive strain gauges, pressure sensors, resonators, and chemiresistors 

(Chapters 4 to 6). A typical TEM image of such dodecylamine-stabilized GNPs is shown 

in Figure 2.1.4c (Appendix A18.0121). 

Although the vast majority of studies into applications of GNPs for chemical sensing 

employ spherical GNPs, it should be noted that various protocols have been elaborated for 

the shape-controlled synthesis of GNP-nanorods, -nanostars, and -nanopolyhedra.24–26
  

Some special sensing applications, especially those employing surface enhanced Raman 

scattering (SERS), take advantage of rod-shaped or spiky GNPs.27,28 However, the 

syntheses of such non-isotropic particles usually require special ligands, such as surfactants 

forming shape directing micellar structures. Therefore, the surface chemistry of such GNPs 

can differ significantly from the above described spherical GNPs stabilized with citrate or 

amines. 

2.2  Surface Modifications of Gold Nanoparticles 

In order to use GNPs for chemical sensing applications, their surface has to be modified to 

enable selective interactions with analytes of interest. To this end, thiols and disulfides are 

frequently used to adjust the chemical surface properties of citrate- or amine-stabilized 

GNPs via ligand-exchange reactions. The driving force of these reactions is the formation 

of the strong Au-S bonds (~ kJ mol-1).29,30  

Bioanalytical applications of GNPs require the conjugation of GNPs with biomolecules, 

such as antibodies (ABs), AB-fragments, or DNA strands, in aqueous media.31–33 

Antibodies can easily be coupled to citrate stabilized GNPs as they possess inter- and 

intrachain disulfide groups which spontaneously bind to gold surfaces. Other biomolecules, 

such as DNA strands, are usually thiolated to couple them to citrate-stabilized GNPs. In 

addition, for many applications in biological media the colloidal stability of employed 

GNPs is of critical concern. Major improvements regarding colloidal stability have been 

achieved by encapsulating the GNPs within polymer shells. For example, thiolated 

polyethylene glycol (PEG) ligands, which show great biocompatibility, have been used for 

this purpose in numerous studies.34,35 Appropriate chemical functional groups at the outer 

end of the polymers can be used for coupling reactions with above mentioned biomolecules, 

e.g., via the formation of amide bonds using activated ester groups. Alternatively, thiolated 

polymers can also be reacted with the GNPs using a mixture of the polymer with smaller 

thiolated functional ligands. Here, the coupled polymer improves the colloidal stability 

while the smaller ligands enable tuning of the GNPs’ chemical surface properties and 

subsequent coupling reactions. 
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Figure 2.2.1 Stability tests of PEG-stabilized GNPs. The PEG ligands differ in the structural motif 

of their spacer connecting the PEG chain to the GNP surface. The slow decay of UV/vis absorbance 

after addition of the KCN etchant reveals that the PEG ligand with the mercaptoundecanoic acid 

(MUA) spacer provides much better stability than the other PEG ligands of this study. Adapted 

with permission from Ref. 36: Effect of the Spacer Structure on the Stability of Gold Nanoparticles 

Functionalized with Monodentate Thiolated Poly(Ethylene Glycol) Ligands, F. Schulz et al., 

Langmuir 2013, 29, 9897. Copyright 2013 American Chemical Society. (DOI: 10.1021/la401956c) 

A detailed study, in which we demonstrated significantly improved colloidal stability of 

citrate stabilized GNPs after conjugation with thiolated PEG ligands, is presented in 

Appendix A13.02.36 Our results show that the molecular structure of the spacer coupling 

the PEG polymer to the GNP surface has decisive impact on the resulting colloidal stability. 

Highly effective stabilization can be achieved when coupling the PEG chains through 

mercaptoundecanoic acid (MUA) segments to the GNP surface. The alkylene chains of this 

spacer form a self-assembled densely packed hydrophobic inner shell encapsulating the 

GNP core. In addition, the outer PEG chains attached to the MUA spacer form a hydrophilic 

polymer surface shell and enable solubility as well as stability in aqueous media. The high 

stability of these PEG-MUA-stabilized GNPs has, e.g., been demonstrated by etching 

experiments using potassium cyanide (KCN) as etchant.36 Figure 2.2.1 shows the results of 

KCN etching experiments demonstrating the outstanding stability of PEG-MUA-stabilized 

GNPs in contrast to GNPs stabilized with other PEG ligands. Furthermore, as shown by the 

data in Figure 2.2.2, it is possible to tailor the surface chemistry of citrate-stabilized GNPs 

https://doi.org/10.1021/la401956c
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by reacting them with mixtures of PEG-MUA and MUA ligands (Appendix A16.05).37 In 

another study, we used such PEG-MUA/MUA modified GNPs for the fabrication of highly 

responsive humidity sensors via inkjet printing (Chapter 5, Appendix A19.02).10 In 

addition, we presented a strategy for the effective PEGylation of gold nanorods via reaction 

with PEG-MUA (Appendix A16.04).38 Finally, in vitro and in vivo studies revealed that 

PEG-MUA/peptide-conjugated GNPs and PEG-MUA-stabilized GNPs enhance neurite 

outgrowth and survival of neurons, and promote functional recovery after spinal cord injury 

(Appendix A13.0139).40  

 
Figure 2.2.2 Adjusting the surface properties of GNPs with ligand mixtures. a) Schematic of a 

surface-modified GNP with PEG-MUA/MUA mixture (left). The IR-spectra confirm that the molar 

ratio of MUA and PEG-MUA ligands at the GNP surface can be adjusted by varying the 

composition of the ligand mixture used for surface modification (right). b) Gel electrophoreses 

confirms that the density of negative surface charges increases with increasing amount of MUA 

surface ligands. Adapted with permission from Ref. 37: Ligand Layer Engineering to Control 

Stability and Interfacial Properties of Nanoparticles, F. Schulz et al., Langmuir 2016, 32, 7897. 

Copyright 2016 American Chemical Society. (DOI: 10.1021/acs.langmuir.6b01704) 

Chemical surface modifications of GNPs with organic thiols and amines are widely used 

to tune the physical properties of GNP assemblies. For example, the conductivity of GNP 

films has been adjusted by coupling ligands or cross-linkers of different sizes and different 

molecular structures to the GNP surface.41–45 In numerous own studies we prepared cross-

linked GNP films by reacting amine-stabilized GNPs with bi- or polyfunctional thiols, and 

dendrimers. We showed that the conductivity, the optical and mechanical properties of 

these films can be tuned by varying the structure and the size of the cross-linking molecules 

https://doi.org/10.1021/acs.langmuir.6b01704
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(Chapter 3, Appendix A02.0246, A03.0147, A03.0248, A04.0149, A04.0250, A04.0451, 

A07.0252, A11.0153, A12.0118, and A19.0354). Finally, as will be discussed in detail in 

Chapter 5, surface modifications of GNPs with differently functionalized thiols or amines 

are widely used to tune the selectivity of GNP-based chemical sensors.55–60 Also, some of 

our own studies focused on tuning the chemical properties of organically cross-linked GNP 

films to enable their application as selective vapor sensors (Chapter 5, Appendix A02.0246, 

A03.0147, A03.0248, A04.0149, A07.0252, A12.0118, A20.0261, and A20.0362). As already 

mentioned in Chapter 1, arrays of GNP-based sensors with tuned chemical selectivity can 

be used as electronic noses, e.g., for breath analysis in medical diagnosis.58,63–65 

In summary, the surface of citrate- and amine-stabilized GNPs can effectively be modified 

with organic thiols and disulfides via ligand exchange reactions. To this end, a broad variety 

of organic thiols, which are well-suited for tuning the chemical properties of GNPs and for 

adjusting the interparticle distances in GNP films, are commercially available or can be 

synthesized following established protocols. However, the sulfur-gold bond is prone to oxi-

dation. Thus, when thiol-modified GNPs are kept under air at ambient conditions for 

prolonged periods, i.e., for weeks or months, their properties can be affected due to oxi-

dative degradation.66,67 This drawback has to be taken into consideration for any proposed 

application of sensing materials based on thiol-modified GNPs.  

2.3  Fabrication of Gold Nanoparticle Films 

2.3.1 Substrate-Supported Films and Freestanding Membranes  

The simplest way to produce GNP films is to deposit the particles via drop-casting onto 

suitable substrates, e.g., rigid silicon or glass slides, or flexible polymer sheets.45,56,68–70 

When using particles with very narrow size distributions (i.e., < 10 %) this method can 

provide films in which the GNPs form highly ordered supercrystal structures. The type of 

the crystal structure (fcc, hcp, bcc, or bct) depends on different parameters, especially the 

size of the nanocrystal cores and their stabilizing ligands, the particles’ solubility 

parameters and the solvent used, as well as the rate of solvent evaporation.14,71–74 Most 

frequently, however, the fcc structure has been observed. Under optimized conditions it is 

possible to obtain GNP films with quite uniform thickness, although the reproducible 

preparation of such uniform films is challenging. In some of our own works, we drop-casted 

films of 1-dodecanethiol-stabilized GNPs onto silicon wafers (Figure 2.1.3) to study their 

nanoscale morphology and sorption of different solvent vapors by positron annihilation 

lifetime spectroscopy (PALS), small angle X-ray scattering, chemiresistor measurements, 

and microgravimetry (Chapter 5, Appendix A16.0115, A16.0216). However, drop-casted 

films of GNPs with a broader size distribution are disordered and, usually, inhomogeneous 

with respect to substrate coverage and film thickness. Hence, drop-casting is not well-suited 

for the highly reproducible and scalable fabrication of homogeneous GNP films with well-

controlled thickness and sheet resistance over large areas (>1 mm2). Improved results are 

obtained by depositing the GNPs via spray-coating, e.g., using airbrush technique.75–77 But 

also with this method the reproducible fabrication of homogeneous films with precisely 

adjustable thicknesses is challenging. Further, as the GNPs of drop-casted or spray-coated 

films are usually neither chemically bound to the substrate nor cross-linked, the films are 
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mechanically and chemically not very robust and can easily disintegrate. These films also 

show baseline drifts when operated as resistive strain or chemical sensor under dc power 

operation. This effect was attributed to electromigration of particles within the applied 

electric field.77 

A method for producing mechanically enforced GNP films is based on the precipitation of 

GNPs via cross-linking.45 In this approach, cross-linker molecules (e.g., ,-alkane-

dithiols) are added to a solution of GNPs. The cross-linking reaction results in the formation 

of cross-linked GNP aggregates which settle onto a substrate placed at the bottom of the 

reaction container.78 By this method thin films of cross-linked GNPs are obtained. To some 

extent, the film thickness can be controlled via the immersion time. However, much better 

control over the film thickness is achieved by assembling GNP films via the well-known 

layer-by-layer self-assembly technique.79 A widely used protocol, which was first reported 

by Bethell et al.80, is based on the following steps: (i) A substrate is functionalized with 

thiol or amino groups. In the case of glass or silicon substrates, organic alkoxysilanes with 

respective functional groups are used for this purpose. (ii) The functionalized substrate is 

immersed in a solution of GNPs. Here, the GNPs bind to the functionalized substrate 

surface and form the first self-assembled GNP layer. (iii) The substrate with immobilized 

GNPs is immersed in a solution of bi- or multifunctional cross-linkers (e.g., thiols or 

amines) which self-assemble on the surfaces of immobilized GNPs. (iv) The sequential 

assembly of GNPs and cross-linkers is repeated to deposit more GNPs in a layer-by-layer 

fashion until a cross-linked film of desired thickness is obtained. As reported by us and 

others, this method for GNP film fabrication is well-suited to study how the size and 

structure of the cross-linking molecules control the optical, mechanical, and charge 

transport properties of GNP films (Chapter 3, Appendix A03.0147, A03.0248, A04.0149, 

04.0250, and A04.0451).45,80–82 Furthermore, we and other groups used the layer-by-layer 

self-assembly technique for the fabrication of GNP-based electrochemical sensors, chemi-

resistors, and strain sensors, which will be described in detail in Chapters 4 and 5 (Appendix 

A02.0183, A02.0246, A03.0147, A03.0248, A04.0149, A04.0250, A04.0384, A05.0185, 

A07.0186, A07.0252, A08.0187, A08.0288, A12.0118).68,89 

The above-described layer-by-layer procedure provides very homogeneous GNP films with 

precisely controlled thicknesses, ranging between ~20 to 100 nm. However, unless 

automated, the method is very time consuming and laborious. Further, in order to avoid 

precipitation of the GNPs due to contamination of the GNP solution with the cross-linker 

(and vice versa) the substrates have to be washed extensively with organic solvents after 

each self-assembly step. Therefore, the method produces significant amounts of solvent 

waste. In order to solve these problems, we combined the layer-by-layer self-assembly 

approach with a spin-coating procedure to provide a fast and highly efficient route to cross-

linked GNP films requiring only small amounts of solvents (Appendix A11.0153). Here, 

amine-stabilized GNPs and the cross-linker, e.g., an ,-alkanedithiol, are dissolved in 

orthogonal solvents and applied alternatingly onto a rotating substrate. This method yields 

cross-linked GNP films, which are of similar quality as those fabricated by immersion-

based layer-by-layer self-assembly. Also, adjusting the film thickness is highly 
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reproducible and can be achieved with nanometer-scale precision as shown by the data 

presented in Figure 2.3.1. 

 
Figure 2.3.1 Fabrication of GNP films via layer-by-layer spin-coating: a) Left: UV/vis spectra 

recorded after each deposition of GNPs (solid red lines) and the cross-linker 1,6-hexanedithiol 

(dotted blue lines). The dashed black line is the UV/vis spectrum of the solution of 1-dodecylamine-

stabilized GNPs (~3 nm core diameter) used for film assembly. Right: Increase in absorbance after 

each completed deposition cycle. Three different ,-alkanedithiols were used as cross-linkers, as 

indicated. b) Increase of the film thickness after each completed deposition cycle. Adapted from 

Ref. 53: Freestanding Films of Crosslinked Gold Nanoparticles Prepared via Layer-by-Layer Spin-

Coating, H. Schlicke et al., Nanotechnology 2011, 22, 305303, published 27 June 2011, DOI: 

10.1088/0957-4484/22/30/305303, © IOP Publishing. Reproduced with permission. All rights 

reserved. 

 
Figure 2.3.2 Fabrication of a freestanding GNP membrane via layer-by-layer spin-coating and 

subsequent transfer of the produced GNP film onto a 3D-structured substrate (ADT: ,-alkane-

dithiol). In the final step, the floating GNP film is transferred onto the substrate by skimming from 

the liquid/air interface. Inset a) Freely floating GNP film on water after detachment from the 

substrate. Inset b) Freestanding GNP membrane bridging the gap between two electrodes. Adapted 

from Ref. 53: Freestanding Films of Crosslinked Gold Nanoparticles Prepared via Layer-by-Layer 

Spin-Coating, H. Schlicke et al., Nanotechnology 2011, 22, 305303, published 27 June 2011, DOI: 

10.1088/0957-4484/22/30/305303, © IOP Publishing. Reproduced with permission. All rights 

reserved. 

https://iopscience.iop.org/article/10.1088/0957-4484/22/30/305303
https://iopscience.iop.org/article/10.1088/0957-4484/22/30/305303
https://iopscience.iop.org/article/10.1088/0957-4484/22/30/305303
https://iopscience.iop.org/article/10.1088/0957-4484/22/30/305303
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In contrast to the layer-by-layer self-assembly technique, our spin-coating approach does 

not require the use of a functionalized substrate to deposit the first layer of GNPs. Thus, 

formed cross-linked GNP films are not chemically attached to the substrate surface. Hence, 

they can be detached and transferred to a broad variety of other substrates, as demonstrated 

previously by Kowalczyk et al.90 Figure 2.3.2 presents our initial route to freestanding 

membranes of cross-linked GNPs via layer-by-layer spin-coating and subsequent transfer 

of the detached GNP film onto a 3D-structured substrate (Appendix A11.0153). Here, the 

detached GNP film floats on the aqueous subphase and is picked up manually using the 

substrate. Following this method, we prepared numerous freestanding GNP membranes to 

study their mechanical properties (Chapter 3, Appendix A14.0191, A19.0192, A19.0354), 

their potential application as pressure sensors (Chapter 4, Appendix A16.0693, A20.0194), 

electrostatically driven actuators and resonators, and vapor sensors with electromechanical 

signal transduction (Chapter 6, Appendix A15.0195, A16.0396, A17.0197, A21.0198). Figure 

2.3.3 shows exemplary SEM and TEM images of a freestanding, cross-linked GNP 

membrane covering a circular cavity. This device was used to study the electrostatic 

actuation of cross-linked GNP membranes (Chapter 6, Appendix A15.01).95 The TEM 

images clearly show the membrane’s nanoscale granular morphology. 

 
Figure 2.3.3 a) SEM image of a freestanding 1,6-hexanedithiol cross-linked GNP-membrane. The 

membrane spans a circular cavity measuring ~200 µm in diameter. Scale bar: 100 µm. b) TEM 

image of a GNP membrane (thickness: ~38 nm). The dodecylamine-stabilized GNPs used for 

membrane fabrication had a diameter of ~3.5 nm. Scale bar: 50 nm. c) TEM image of the same 

membrane at lower magnification. Scale bar: 100 nm. Adapted with permission from Ref. 95: 

Freestanding Membranes of Cross-Linked Gold Nanoparticles: Novel Functional Materials for 

Electrostatic Actuators, H. Schlicke et al., ACS Appl. Mater. Interfaces 2015, 7, 15123. Copyright 

2015 American Chemical Society. (DOI: 10.1021/acsami.5b02691) 

It should be mentioned that our layer-by-layer spin-coating approach to freestanding GNP 

membranes was inspired by works of Grzybowski and coworkers90 and Tsukruk and co-

workers.99–101 Grzybowski and coworkers showed that ,-alkanedithiol cross-linked GNP 

films can be detached from their initial glass substrate by alkaline underetching and 

transferred onto various substrates. Expanding on previously reported layer-by-layer 

assembly of multilayered nanocomposite materials79,102–104, Tsukruk and coworkers used 

spin-assisted layer-by-layer self-assembly to deposit GNP/polyelectrolyte films onto 

substrates with a sacrificial polymer layer. By dissolving the sacrificial layer, the films 

could be detached from their initial substrates and transferred onto substrates with circular 

apertures to form freestanding membranes of GNP/polyelectrolyte multilayers.  

https://doi.org/10.1021/acsami.5b02691
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Figure 2.3.4 Transfer of a GNP film from a glass substrate onto PI foil via transfer printing. 

Reprinted with permission from Ref. 21: Fabrication of Strain Gauges via Contact Printing: A 

Simple Route to Healthcare Sensors Based on Cross-Linked Gold Nanoparticles, B. Ketelsen et al., 

ACS Appl. Mater. Interfaces 2018, 10, 37374. Copyright 2018 American Chemical Society. (DOI: 

10.1021/acsami.8b12057) 

Cross-linked GNP films prepared via the layer-by-layer spin-coating method can also be 

transferred onto flexible polymer substrates, e.g., for the fabrication of wearable sensors. 

To this end, transfer printing, which is often referred to as contact printing, is a very 

efficient and potentially scalable method that is being considered for the fabrication of 

emerging flexible and stretchable electronics.105–108 In transfer printing, elastomeric stamps 

are used to pick up the material from one substrate and to stamp it onto a target substrate. 

In several studies, this method was used to print nanoassemblies onto various plain 

substrates resulting in fully substrate-supported nanoassemblies.90,109 A few other studies 

demonstrated the fabrication of freestanding nanomembranes by transfer printing con-

tinuous sheets of crystalline 2D nanomaterials (graphene, transition metal chalcogenides, 

perovskites) onto substrates with micrometer-sized cavities.110–112 In our own work, we 

transfer-printed cross-linked GNP films onto polydimethylsiloxane (PDMS) substrates and 

polyimide (PI) foil to produce resistive strain sensors for pulse-wave monitoring and human 

motion detection (Chapter 4, Appendix A18.0121). Figure 2.3.4 illustrates the process used 

for printing a cross-linked GNP film onto PI foil. First, an ,-alkanedithiol cross-linked 

GNP film (a) is produced via layer-by-layer spin-coating. In order to stabilize the GNP film 

and to enable its complete transfer onto the PI foil, a thin layer of polymethylmethacrylate 

(PMMA, b) is deposited via spin-coating. A PDMS stamp is then pressed manually onto 

the GNP/PMMA film (c). While applying a small volume of water to the GNP/glass 

interface the stamp is peeled off with the GNP/PMMA film adhering to the stamp’s surface 

(d). Afterwards, the stamp is pressed onto the PI foil (e) and, after releasing the pressure, a 

heating/cooling cycle is applied to promote complete release of the GNP/PMMA film from 

the PDMS surface when removing the stamp (f). As reported by Choi et al.113, the disparity 

of the thermal expansion coefficients of the PDMS stamp and the target substrate induces 

interfacial stress promoting the detachment of the GNP/PMMA film from the PDMS. 

https://doi.org/10.1021/acsami.8b12057
https://doi.org/10.1021/acsami.8b12057
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Finally, the PMMA layer is removed by washing with acetone and the GNP film is 

contacted with gold electrodes via physical vapor deposition (g, h). Optical micrographs 

and AFM images showing a cross-linked GNP film before and after its transfer onto the 

PDMS stamp and, finally, onto PI foil or a glass substrate, are presented in Figure 2.3.5. 

 
Figure 2.3.5 a) Optical micrograph of a 1,9-nonanedithiol cross-linked GNP film deposited onto a 

glass substrate via layer-by-layer spin-coating. b) GNP film after transfer onto a PDMS stamp. Blue 

arrows mark the edge of a sacrificial PMMA layer. c) GNP film after transfer onto PI foil and after 

removing the PMMA layer. Yellow arrows mark the precise transfer of small (<10 µm) features. 

The scale bar in a) - c) is 200 µm. d) AFM image showing the edge of a GNP film on a glass 

substrate before and e) after transfer onto another glass substrate. The scale bar in d) and e) is 1 µm. 

f) SEM image showing the edge of a GNP film transferred onto PI foil. Adapted with permission 

from Ref. 21: Fabrication of Strain Gauges via Contact Printing: A Simple Route to Healthcare 

Sensors Based on Cross-Linked Gold Nanoparticles, B. Ketelsen et al., ACS Appl. Mater. Interfaces 

2018, 10, 37374. Copyright 2018 American Chemical Society. (DOI: 10.1021/acsami.8b12057) 

In a subsequent study, we adapted the above-described protocol to the preparation of free-

standing GNP membranes via transfer printing. Essential steps of the process are shown in 

Figure 2.3.6a. Here, the GNP/PMMA film is stamped onto a silicon substrate with litho-

graphically etched square microcavities (step iv.). Afterwards, the PDMS stamp is removed 

using a motorized lifting device (blue-framed inset) and the PMMA layer is removed by 

washing the sample with acetone. Because the freestanding sections of the GNP film are 

fragile, the stamping step was carried out using a computer-controlled stamping device with 

precisely adjustable contact pressure (red-framed inset). At a contact pressure of ~1.8 bar 

the yield of intact membranes was 70%, as indicated in Figure 2.2.6b. The optical 

micrographs presented in Figure 2.2.6c show a comparison of damaged and intact GNP 

membranes, which were obtained after applying a contact pressure of 7.1 (upper panel) and 

1.8 bar (lower panel), respectively. Further, the SEM images in Figure 2.2.6d show a 

freestanding GNP membrane fully covering a square microcavity (upper image) and, for 

comparison, a GNP-membrane partly covering a square cavity (lower image). Furthermore, 

https://doi.org/10.1021/acsami.8b12057
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we demonstrated that by varying the temperature in step iv. it is possible to adjust the 

tensional stress of obtained GNP membranes. This effect was attributed to the pronounced 

thermal expansion of the PDMS stamp leading to increased biaxial strain of the attached 

GNP film with increasing temperature. Hence, increasing the temperature also increases 

the tensional stress of the fabricated GNP membranes. As described in detail in Chapter 6 

(Appendix A21.0198), the tensional stress of transfer-printed GNP membranes was studied 

by exciting their resonances via AC electrostatic actuation.  

 
Figure 2.3.6 a) Fabrication of freestanding membranes from cross-linked GNPs via transfer 

printing. The PMMA-covered GNP/PMMA film (blue) is picked up with a PDMS stamp (trans-

parent) and pressed onto a silicon substrate (green) featuring an array of square cavities and a gold 

top electrode (yellow). A motor-driven device is used to control the contact pressure (red-framed 

inset). Adjusting the temperature in step iv. was used to tune the tensional stress of the resulting 

GNP membranes. The PDMS stamp is removed using a motor-driven lifting device (blue-framed 

inset). Finally, the PMMA layer is removed by washing with acetone. b) Pressure vs. time curves 

recorded while executing step iv., with the yield of intact membranes as indicated. c) Optical 

micrograph of defective (upper panel) and intact (lower panel) GNP membranes. d) SEM images 

of square cavities covered completely (upper panel) or partly (lower panel) with a cross-linked GNP 

membrane. Adapted with permission from Ref. 98: Transfer Printing of Freestanding 

Nanoassemblies: A Route to Membrane Resonators with Adjustable Prestress, H. Hartmann et al., 

ACS Appl. Mater. Interfaces 2021, 13, 40932. Copyright 2021 American Chemical Society. (DOI: 

10.1021/acsami.1c11431) 

https://doi.org/10.1021/acsami.1c11431
https://doi.org/10.1021/acsami.1c11431


CHAPTER 2 

46 
 

Although the major focus of this treatise is on multilayered disordered films of cross-linked 

GNPs it should be noted that numerous studies of other research groups explored the fabri-

cation of highly ordered monolayers of ligand-stabilized or cross-linked GNPs.44,114 Such 

ordered GNP films are commonly prepared via interfacial assembly, either at the liquid/air 

interface or at the interface of two immiscible liquids.115 For example, a small amount of 

an organic solution of ligand-stabilized GNPs is placed onto the surface of a liquid 

subphase (e.g., water or diethylene glycol). While the solvent evaporates, an ordered layer 

of GNPs is formed. When using a Langmuir trough, the film can be compressed and the 

interparticle distances can be tuned to some extent.116 After solvent evaporation, the GNP 

films can be transferred onto suitable substrates, e.g., by using the Langmuir-Schäfer 

technique, or by placing a substrate underneath the formed GNP film and draining the 

subphase. In a related approach, freestanding monolayers of close-packed GNPs have been 

prepared by a drying-mediated self-assembly process on holey substrates.117–122 The lateral 

dimensions of such freestanding GNP monolayers are usually limited to the low 

micrometer scale but larger membranes measuring several tens of micrometers in diameter 

have also been reported.123 It is to note, however, that the fabrication of ordered GNP films 

via interfacial assembly is rather laborious and most likely not scalable for industrial 

fabrication processes. 

2.3.2 Patterned Films 

The integration of nanoparticle-based functional materials into complex circuitry requires 

their patterned deposition onto suitable solid or flexible substrates. Hence, a broad variety 

of techniques for patterning nanoparticle assemblies have been explored.124–132 Regarding 

the fabrication of GNP-based sensors, photolithography62,85, e-beam lithography85,133, 

contact printing21,134, inkjet printing10,61,135–137, and convective assembly processes138 have 

been studied.  

In early works of the author, a photolithographic process was developed enabling the 

patterned layer-by-layer self-assembly of gold nanoparticles on glass and silicon substrates 

(Appendix A97.01139, A98.01140). The scheme shown in Figure 2.3.7 illustrates the process. 

First, the surface of the substrate was functionalized with primary amino groups and 

subsequently reacted with nitroveratryloxycarbonylglycine (NVOC-GLY), yielding an 

NVOC-terminated substrate surface. NVOC is a photocleavable protection group for 

primary amino groups that is being used for the light-directed combinatorial solid phase 

peptide synthesis on chips.141,142 By UV/vis-irradiation through a photolithographic mask 

the amino groups were selectively deprotected. Afterwards, the deprotected amino groups 

were used to deposit a first layer of GNPs via self-assembly. A cross-linked GNP film with 

well-controlled thickness was then grown selectively onto this first GNP layer using the 

above-described layer-by-layer self-assembly method. Details of this lithographic approach 

are presented in Appendix A97.01 and A98.01.139,140 Very recently, a complementary 

approach to patterned GNP films was reported by Snegir et al.130 They showed that 

irradiating a (3-aminopropyl)trimethoxysilane- (APTES-) coated glass surface with UV 

radiation in the presence of ambient oxygen deactivates the amino surface groups. Thus, 
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citrate-stabilized GNPs could be assembled selectivity on the non-irradiated sections of the 

substrate.  

 
Figure 2.3.7 Schematic showing the photolithographically directed self-assembly of a GNP film. 

First, the substrate surface is functionalized with primary amino groups, which are then protected 

with the photocleavable protection group (NVOC). UV/vis-Irradiation through a photolithographic 

mask selectively removes the protection groups. The deprotected amino groups are then used to 

deposit amino-functionalized GNPs via layer-by-layer self-assembly. The SEM image shows a 

patterned GNP film fabricated using this method. Reproduced with permission from Ref. 139: 

Light-Directed Assembly of Nanoparticles, T. Vossmeyer et al., Angew. Chemie - Int. Ed. 1997, 

36, 1080. © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997. (DOI: 

10.1002/anie.199710801) 

In another study, we used conventional photo- and e-beam lithography to pattern a water 

soluble CaO mask on a silicon substrate (Appendix A04.0250, A05.0185). A dithiol cross-

linked GNP film was then deposited onto the mask-covered substrate via layer-by-layer 

self-assembly in organic solvents. Afterwards, a lift-off process was performed by 

dissolving the mask in aqueous solution, leaving behind the patterned film of cross-linked 

GNPs. In that study, it was also demonstrated that this approach can be used to pattern 

chemiresistive vapor sensors on silicon substrates. The lithographic procedure is 

schematically shown in Figure 2.3.8. 

More recently, we reported a similar approach to the fabrication of patterned chemiresistor 

arrays (Appendix A20.0362). Here, a thin film of poly(methyl methacrylate) (PMMA) was 

first deposited onto a silicon substrate via spin-coating. After selective e-beam or deep UV 

(DUV) exposure, the film was developed by immersion in a mixture of isopropyl alcohol 

(IPA) and 4-methylpentan-2-one (MIBK). Afterwards, an ,-alkanedithiol cross-linked 

GNP film was deposited via layer-by-layer spin-coating onto the PMMA-masked substrate. 

Finally, the patterned GNP film was obtained by a lift-off process in which the PMMA 

https://doi.org/10.1002/anie.199710801
https://doi.org/10.1002/anie.199710801
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mask was removed by treatment with acetone. Subsequently, the lithographic procedure 

could be extended to selectively re-functionalize the patterned GNP film sections via ligand 

exchange reactions using differently functionalized monothiols. This procedure provided a 

sensor array consisting of several chemiresistors with different chemical selectivity. 

 
Figure 2.3.8 Process steps for patterning a GNP film using a water-soluble mask (left). The water-

soluble mask (e.g. CaO) is patterned using conventional photo- or e-beam lithography. After 

treating the substrate’s surface with (3-aminopropyl)dimethylethoxysilane, a GNP film is deposited 

via layer-by-layer self-assembly. For this purpose, dodecylamine-stabilized GNPs (~4 nm core 

diameter) were used and 1,9-nonanedithiol served as the cross-linker. Finally, the lift-off step is 

performed by dissolving the mask in water. The SEM images show patterned GNP films (Au-NT) 

which were produced following this method (right). Reprinted from Ref. 85: Lithographic 

Patterning of Nanoparticle Films Self-Assembled from Organic Solutions by Using a Water-

Soluble Mask, O. Harnack et al., Appl. Phys. Lett. 2005, 86, 034108, with the permission of AIP 

Publishing. (DOI: 10.1063/1.1856700) 

A schematic of the lithographic procedure and an AFM image of a patterned GNP film are 

shown in Figure 2.3.9. In another study, this lithographic approach was adapted to pattern 

,-alkanedithiol cross-linked GNP films, which were then transfer-printed onto silicon 

substrates with microcavity arrays to produce electrostatically driven membrane resonators 

(cf. Figure 2.3.6, Appendix A21.0198). 

Zellers and coworkers studied a different approach to pattern GNP-based chemiresistors 

via e-beam lithography.133,143 In their studies cross-linking of pre-deposited ligand-

stabilized GNPs was induced by e-beam exposure, as previously shown by Brust and 

coworkers.144 Afterwards, the non-exposed particles could be removed by washing with 

solvent whereas the cross-linked GNPs remained as thin films adhering to the substrate. 

With this method it was possible to fabricate arrays of micrometer-sized GNP-based 

https://doi.org/10.1063/1.1856700
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chemiresistors. However, it is to note that such type of direct e-beam exposure also affects 

the chemical composition of the GNP film and can compromise its structural integrity and 

sensing performance. 

 
Figure 2.3.9 a) Process for patterning a GNP film using a PMMA mask. A PMMA film is deposited 

via spin-coating onto a substrate with interdigitated electrode structures. After selective DUV- or 

e-beam irradiation and development in IPA/MIBK a patterned PMMA mask is obtained (step i.). A 

cross-linked GNP film is deposited onto the masked substrate via layer-by-layer spin-coating 

(step ii.). After lift-off, an array of GNP-based chemiresistors is obtained (step iii.). The inset shows 

a photograph of such sensor array. b) AFM images of patterned GNP films and a height profile 

scan. Here, the PMMA mask was produced via e-beam lithography. Adapted with permission from 

Ref. 62: Lithographic Patterning and Selective Functionalization of Metal Nanoparticle Composite 

Films, H. Schlicke et al., ACS Appl. Electron. Mater. 2020, 2, 3741. Copyright 2020 American 

Chemical Society. (DOI: 10.1021/acsaelm.0c00770) 

Patterned GNP films have also been fabricated using techniques based on soft lithography. 

Here, polymer stamps or molds are used to directly transfer or assemble the nanoparticles 

on a substrate.145–148 Alternatively, soft stamps or molds have been employed to pre-pattern 

the surface of the substrate with suitable materials, which are then used to guide the 

selective assembly of patterned GNP films in subsequent steps.149–152 The soft stamp or 

mold is usually prepared using a master, which itself is fabricated via standard photo- or e-

beam lithography. In one example, GNP-based chemiresistors have been fabricated by 

printing stripe-patterns of alkanethiol-stabilized GNPs directly onto silicon substrates using 

a polydimethylsiloxane (PDMS) stamp.134 In order to stabilize the patterned GNP 

assemblies, they were cross-linked by exposing them to 1,6-hexanedithiol vapor. In some 

of our own studies, we transferred films of cross-linked GNPs onto different substrates 

using a soft PDMS stamp, as already described above (cf. Figures 2.3.4-2.3.6).21,98 

In several other studies, inkjet printing was used to pattern GNP films for sensing appli-

cations. For example, chemiresistive sensors were fabricated via inkjet deposition of GNPs 

onto silicon and glass substrates equipped with lithographically fabricated micro-

electrodes.136,137 Further, arrays of electrochemical immunosensors were produced by 

inkjet printing GNPs onto polymer substrates.153 In a collaborative study with Liao and 

https://doi.org/10.1021/acsaelm.0c00770
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coworkers, we reported fully printed, flexible chemiresistors based on cross-linked gold 

nanoparticles (Appendix A20.0261). In that study, dodecylamine-stabilized GNPs and 1,9-

nonanedithiol were inkjet-printed in a layer-by-layer process onto polyimide (PI) foil 

featuring previously printed silver electrodes. In order to tune the chemical selectivity of 

the sensors, monothiols with different functional groups were added to the 1,9-

nonanedithiol ink. This way, several sensors were printed and combined to form a sensor 

array, which could be used to discern volatile analytes of different polarity. Figure 2.3.10a 

presents images of the inkjet-printed chemiresistors and illustrates the layer-by-layer 

printing process. In another joint study with Liao and coworkers, we used PEGylated GNPs 

for the fabrication of flexible chemiresistors (Appendix A19.0210). In that study, the GNPs 

were inkjet-printed onto polyethylenetherephthalate (PET) foil. Because the PEG ligands 

easily absorb water, these sensors show great potential for applications as highly responsive 

humidity sensors. Figure 2.3.10b shows photographs of an inkjet-printed pattern of 

PEGylated GNPs on PET foil and a printed humidity sensor with a subjacent electrode 

structure, which was produced via dispenser printing. 

 
Figure 2.3.10 Chemiresistors based on inkjet-printed GNP films. a) Photograph and schematic of 

a fully printed chemiresistor on PI foil. The sensitive layer was inkjet-printed in a layer-by-layer 

process using inks containing dodecylamine-stabilized GNPs and a mixture of 1,9-nonanedithiols 

and functional monothiols. 1,9-Nonanedithiol served to cross-link the GNPs whereas the mono-

thiols were added to tune the chemical selectivity of the sensor. Adapted under a Creative Commons 

Attribution 4.0 International License from Ref. 61: Fully Printed Flexible Chemiresistors with 

Tunable Selectivity Based on Gold Nanoparticles, B. Ketelsen et al., Chemosensors 2020, 8, 116. 

© The authors 2020. (DOI: 10.3390/chemosensors8040116) b) Inkjet-printed pattern of PEGylated 

GNPs on PET foil (upper panel). Flexible chemiresistor fabricated by inkjet-printing PEGylated 

GNPs onto interdigitated electrodes on PET foil (lower panel). Reprinted with permission from 

Ref. 10: Highly Responsive PEG/Gold Nanoparticle Thin-Film Humidity Sensor via Inkjet Printing 

Technology, C.-H. Su et al., Langmuir 2019, 35, 3256. Copyright 2019 American Chemical 

Society. (DOI: 10.1021/acs.langmuir.8b03433) 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemosensors8040116
https://doi.org/10.1021/acs.langmuir.8b03433
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Finally, convective self-assembly is a method that enables the patterned deposition of GNP 

assemblies as stripes.154,155 In this approach, a GNP solution is brought into contact with a 

solid or flexible substrate and the solvent is allowed to evaporate. At the contact line of the 

GNP solution a meniscus is formed at which the evaporation rate is accelerated. This causes 

a convective flow of GNPs toward the contact line. Moving the substrate relative to the 

GNP solution (or vice versa) leaves behind stripes of pinned GNPs. This technique was 

introduced by the Ressier group, and later used by Yi at al., to assemble GNP stripes on 

flexible PET substrates, which were then tested for applications as resistive strain 

gauges.138,156 

2.4  Conclusions, Current Trends, and Future Challenges 

The first section of this chapter presented wet-chemical methods for the synthesis of nearly 

spherical citrate-, thiol-, and amine-stabilized GNPs which have been used extensively in 

the studies of this treatise. In this context, it was shown that a few adjustments could 

significantly improve the synthesis of citrate-stabilized GNPs with respect to size dis-

tribution and batch-to-batch size variations (Appendix A14.028). It should be noted, 

however, that the methods presented in this chapter represent only a small fraction of the 

broad variety of procedures that have been developed over the past three decades for the 

size- and shape-controlled synthesis of GNPs.1,2,24,26,157,158 Current research efforts are 

continuously expanding our understanding of atomistic mechanisms governing shape 

transformations during GNP synthesis and GNP growth dynamics.159–161  

Further research activities are aiming at the development of continuous flow processes to 

enable the reproducible, large-scale synthesis of GNPs.162–164 So far, GNPs have been 

commercialized as color labels in lateral flow immunoassays (LFIAs), which are used as 

pregnancy tests as well as for the PoC diagnosis of COVID-19, and many other infectious 

diseases. However, it is expected that the demand for GNPs will further increase as a broad 

variety of interesting applications has been successfully demonstrated, including physical 

and chemical sensing,119,165–167 biomedical diagnosis,65,168–171 medical therapy,172–178 

catalysis,179,180 and energy conversion.181,182 Finally, it should be noted that increasing 

environmental awareness has motivated widespread interest in green chemical syntheses, 

also with respect to the synthesis of GNPs. Hence, procedures for the synthesis of GNPs 

with minimized use of harmful reagents, solvents and avoidance of toxic byproducts are 

currently receiving increasing attention.183,184 

The second section of this chapter provided a brief overview on surface modifications of 

GNPs which are most relevant to several studies of this treatise. In general, the selectivity 

of GNP-based chemical sensors can be adjusted via appropriate surface modifications of 

employed GNPs. For this purpose, either ligand exchange reactions or the chemical 

modification of already bound ligands can be used.185 Ligand exchange reactions are often 

performed using amine- and citrate-stabilized GNPs as their ligands are easily exchanged 

by thiols or other amines (Appendix A13.0139, A13.0236, A16.0438, A16.0537). In numerous 

studies of this treatise, such exchange reactions have been employed for the fabrication of 

cross-linked GNP films with precisely adjusted interparticle distances and for tuning the 

chemical selectivity of GNP-based chemiresistors (cf. Chapters 3 and 5, Appendix 
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A02.0246, A03.0147, A03.0248, A04.0149, A04.0250, A07.0252, A11.0153, A19.0354, 

A20.0261, A20.0362, A21.02186).  

In general, chemical surface modifications are the key issue of nearly all applications of 

GNPs. For example, all kinds of bioanalytical and biomedical applications require surface 

functionalization in order to combine the GNPs’ intrinsic properties, usually their 

plasmonic properties, with additional functional features (e.g., antigen binding, DNA-

hybridization, controlled drug release).166,167,170,175–177,183,187 In addition, appropriate surface 

modification is needed to ensure colloidal stability, which is especially challenging for 

applications in a complex biological environment. In in vivo applications the situation 

becomes even more challenging as the ligand shell must additionally provide the particles 

with stealth character to suppress antibody opsonization. Hence, over the past two decades, 

the broad interest in bioanalytical and biomedical applications of GNPs has led to 

tremendous ongoing research efforts focusing on the synthesis of multifunctional GNPs via 

appropriate surface modifications.31,170,177 Some research activities in this area are currently 

aiming at the creation of artificial enzymes by coupling various peptides to the surface of 

GNPs.179 The high local density of peptides on the GNP surface can enable cooperative and 

synergistic effects, which may eventually lead to distinct catalytic properties. In general, 

the modification of GNPs with mixed ligand shells is receiving continued attention. Here, 

mixtures of different ligands are assembled on the GNP surface leading to novel functional 

properties, which are of great interest for selective chemical sensing, catalysis, and medical 

applications.35,188–190 In future, GNPs with molecularly engineered mixed ligand shells may 

lead to the development of GNP-based sensing materials, which may eventually enable the 

specific detection of analytes via artificial lock-and-key interactions.  

The third section of this chapter provided a brief overview on predominantly applied tech-

niques for the deposition of GNP films onto solid and flexible substrates. The layer-by-

layer spin-coating method, which was developed and extensively used in studies of this 

treatise, provides homogenous films of cross-linked GNPs (Appendix A11.0153). This 

method is highly efficient, resource-saving and should be expandable to the wafer-scale 

production of cross-linked GNP-films. It should be noted, however, that the layer-by-layer 

spin-coating approach is limited to the fabrication of disordered GNP films. Thus, the 

efficient and reproducible deposition of highly ordered GNP films, which can give rise to 

interesting collective plasmonic phenomena191,192, remains challenging.114,115 Currently, 

such films are mainly being prepared via interfacial self-assembly, which is most likely not 

adaptable for industrial scale production processes. 

Also, different approaches to the fabrication of patterned GNP films have been presented, 

including some methods based on photolithography (Appendix A97.01139, A98.01140, 

A04.0250, A05.0185).130 As shown in one of our recent studies, the layer-by-layer spin-

coating deposition of cross-linked GNPs can be combined with standard photolithography 

to enable the efficient fabrication of patterned GNP films on silicon substrates (A20.0362). 

Thus, this combination may provide a feasible approach to the commercial production of 

integrated GNP-based sensors. In other studies, patterned GNP films have been deposited 

via soft lithography or transfer printing.145–148 Together with inkjet printing, these 
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techniques are suitable for depositing patterned GNP films onto flexible substrates, e.g., for 

the fabrication of wearable sensors (Appendix A18.0121, A19.0210, A20.0261).165    

Freestanding GNP membranes represent a novel type of functional nanomaterials, which 

can be prepared by transferring GNP films onto suitable 3D-structured substrates 

(Appendix A11.0153, A14.0191, A19.0354). Because their optical and electrical properties 

can be coupled to their mechanical properties, they are interesting for applications as highly 

responsive sensors and actuators (Appendix A15.0195, A16.0396, A16.0693, A20.0194).119 

However, freestanding nanomembranes are usually prepared via laborious and complex 

manual procedures, which are not scalable and lack reproducibility. Thus, in order to render 

freestanding nanoassemblies useful for commercial applications, suitable protocols for 

scalable device fabrication are required. Along this line, we recently demonstrated the 

fabrication of resonator arrays from cross-linked GNP membranes via transfer printing 

(Appendix A21.0198). This technique may eventually enable the parallel wafer-scale 

production of freestanding nanocomposites with highly reproducible properties.  
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CHAPTER 3 

Optical, Electrical, and Mechanical Properties of Gold Nanoparticle 

Films 

This chapter is divided into four major sections: The first section introduces the funda-

mental optical properties of GNPs and their assemblies (Section 3.1). These properties are 

essential for numerous GNP-based analytical assays and sensors with optical signal trans-

duction. In own studies, we utilized the optical properties of GNPs to observe ligand 

exchange reactions, to explore their colloidal stability, to follow the deposition of GNPs as 

thin films, and to provide a qualitative assessment of the interparticle distances in GNP 

assemblies. The charge transport properties of GNP films are presented in the second 

section (Section 3.2), whereas the third section focuses on the mechanical properties of 

GNP assemblies (Section 3.3). In these sections, some of our most relevant studies will be 

highlighted. Both, the electrical and the mechanical properties of GNP assemblies, are of 

major importance for applications of GNP films and membranes as chemiresistors and 

electromechanical transducers, which will be the topic of the following chapters. Finally, 

the fourth section provides some major conclusions and addresses some current trends and 

future challenges (Section 3.4). 

3.1  Optical Properties of Gold Nanoparticles and Gold Nanoparticle Films 

3.1.1 The Beginnings of Research into Gold Nanoparticles - A Brief Historical Review 

Due to its beautiful purple color, colloidal gold is being used as pigment in glasses since 

ancient times. One of the most prominent examples is the Lycurgus cup, which was manu-

factured by roman glassmakers in the fourth century AD. Nowadays, the cup is displayed 

in the British Museum.1 At the end of the sixteenth century, the chemist Andreas Libavius 

mentioned in his work Alchemia (1597) a method to prepare red crystals from dissolved 

gold.1,2 Later, in the second half of the seventeenth century, the art of staining glass with 

colloidal gold was used by the German chemist Johann Kunckel. To obtain the red pigment 

for this purpose he precipitated colloidal gold particles from aqua regia by addition of tin, 

as it was described by Andreas Cassius the younger in his book De Auro. (1685).2 Most 

likely, the method reported by Cassius was already known to his father, Andreas Cassius 

the elder, who worked as a physician and chemist in Hamburg.1  Noteworthy, several years 

before De Auro was published, the chemist Johann Rudolf Glauber reported the same 

method in his work Des Teutschlandts Wohlfahrt (The Prosperity of Germany), Part IV 

(1659).2,3 Thus, it is possible that Glauber initially invented the very effective and 

economical procedure for obtaining the desired pigment, which was then used by Kunckel 

for staining glass. In his Laboratorium Chymicum (1716, published posthumous) Kunckel 

referred to both, Glauber and Cassius, when describing the procedure for preparing the 

purple pigment.2,3 However, during the following decades and centuries the name of 

Cassius became more prominently associated with the fabrication of the valuable pigment, 

which soon gained significant importance for staining glass and enamel, as well as for the 

decoration of metalwork and porcelain. Up to date, colloidal gold pigments are being used 

for these applications and they are still referred to as “Purple of Cassius”.1,3 
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After the publication of Cassius’ Book De Auro, the origin of the pigment’s beautiful purple 

color was under heavy dispute for more than two centuries.4 Alphonse Bouisson, an 

employee at the Manufacture Royale de Porcelaine de Sèvres, systematically investigated 

the Purple of Cassius and finally concluded that it consists of finely divided metallic gold 

rather than gold oxides, as it was assumed by others. He published his findings in 1830.3 

Somewhat later, Michael Faraday studied the optical properties of colloidal gold particles, 

which he synthesized by reducing chloroaurate with white phosphorus in carbon disulfide.5 

In 1857 he presented his famous Bakerian Lecture Experimental relations of gold (and 

other metals) to light6 in which he mentioned: “I believe the Purple of Cassius to be 

essentially finely divided gold associated with more or less of oxide of tin”, as it was indeed 

confirmed four decades later: Together with physicist Henry Siedentopf, the chemist 

Richard Zsigmondy developed the slit microscope, a special type of the optical darkfield 

microscope, enabling detailed studies into colloidal particles. In 1903, the two researchers 

reported the detection of gold nanoparticles with sizes in the few nanometer range in ruby 

glasses.7 Zsigmondy also confirmed the presence of gold nanoparticles in the Purple of 

Cassius.3,4 For his groundbreaking investigations into the nature of colloidal solutions and 

the methods he invented for this purpose, Zsigmondy was awarded the Nobel Prize for 

Chemistry in 1925. Only a few years after Zsigmondy’s observation, it was Gustav Mie 

who was able to explain the intense purple color of colloidal gold solutions. In his 

publication Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen8 (1908) 

he expanded on theoretical electrodynamics developed by James Clerk Maxwell as well as 

previous works of Lord Rayleigh and presented a mathematical model for the interaction 

of electromagnetic waves with spherical metal particles. With this model, Mie was able to 

explain the beautiful purple color of gold nanoparticles by wavelength-selective scattering 

and absorption of light.  

3.1.2 Mie Theory and the Optical Signature of Spherical Gold Nanoparticles 

Mie theory is an analytical model based on Maxwell’s equations. It considers the collective 

oscillations of conduction band electrons which are excited by the interaction with an 

electromagnetic wave. As these oscillations are confined to the particles’ dimensions, they 

are non-propagating surface plasmons and, thus, they are usually referred to as localized 

surface plasmon resonances (LSPRs). Depending on their size, shape, and aggregation 

state, GNPs can in fact produce various colors ranging from red, over purple, to blue. Since 

these colors respond sensitively to changes in the particles’ environment, colloidal gold has 

found widespread applications as indicators in bioanalytical assays and as optical 

transducers in sensor devices.  

In general, Mie theory accounts for dipolar and multipolar plasmon excitations of spherical 

metal particles. In order to express the extinction cross-section Ext of GNPs with sizes 

much smaller than the light wavelength , i.e., for GNP diameters below ~30 nm, the 

quasistatic approximation is frequently used:5,9 
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Here, m is the dielectric constant of the surrounding medium, VNP is the volume of the 

GNPs, and () is the complex dielectric function of bulk gold. This simplified equation is 

also referred to as the dipolar approximation as it only considers dipolar plasmon excita-

tions. From this equation it is seen that the extinction cross-section Ext scales with the 

volume VNP of the GNPs. It traverses its maximum when the Fröhlich condition is 

satisfied:9 

( ) mRe 2   −           (3.2) 

Thus, the real part Re[()] of the dielectric function and the dielectric constant m of the 

surrounding medium determine the spectral position of the plasmon absorbance band. In 

accordance with experimental data, the position of the LSPR band shifts to longer 

wavelength with increasing dielectric constant m. For example, the UV/vis absorbance 

spectra presented in Figure 3.1.1a reveal a redshift of the LSPR band when citrate stabilized 

GNPs with a diameter of ~12 nm are surface-modified with polyethyleneglycol (PEG) 

ligands (Appendix A13.0210). This redshift is attributed to the change of the particles’ direct 

dielectric environment from water (m ~1.78) to PEG (m ~2.16). In numerous studies it was 

demonstrated that such dependency of the LSPR position on the dielectric environment can 

be utilized for chemical sensing.9,11–14 

 
Figure 3.1.1 Absorbance spectra of GNP colloidal aqueous solutions. a) The dashed line shows the 

spectrum of citrate stabilized GNPs (diameter: ~12 nm). After surface modification with thiolated 

PEG ligands (Mw ~ 2000 g mol-1), the LSPR band is redshifted. Three types of PEG ligands were 

used (red, green, and blue lines), which only differed in the spacer unit (cf. Chapter 2, Figure 2.2.1). 

The inset shows the solution of respective citrate-stabilized GNPs. Adapted with permission from 

Ref. 10: Effect of the Spacer Structure on the Stability of Gold Nanoparticles Functionalized with 

Monodentate Thiolated Poly(Ethylene Glycol) Ligands, F. Schulz et al., Langmuir 2013, 29, 9897. 

Copyright 2013 American Chemical Society. (DOI: 10.1021/la401956c) b) Experimental absor-

bance spectra and calculated spectra according to Mie theory for GNPs with sizes ranging from 30 

to 294 nm. Adapted with permission from Ref. 16: Seeded Growth Synthesis of Uniform Gold 

Nanoparticles with Diameters of 15-300 nm, C. Ziegler and A Eychmüller, J. Phys. Chem. C 2011, 

115, 4502. Copyright 2011 American Chemical Society. (DOI: 10.1021/jp1106982) 

https://doi.org/10.1021/la401956c
https://doi.org/10.1021/jp1106982
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The imaginary part Im[()] of the dielectric function (cf. Equation 3.1) describes losses of 

the plasmonic system. Such losses are caused by radiative damping and various non-

radiative mechanisms. In GNPs, especially intraband transitions cause losses because the 

formation of electron-hole pairs dramatically enhances the electron-electron scattering 

rate.9 

It is to be emphasized that Equation 3.1 provides acceptable agreement with experimental 

data only for GNP sizes ranging from ~10 - 20 nm. For larger spherical particles (~20 - 300 

nm) the non-simplified Mie theory, which considers retardation effects and multipole 

plasmon excitations, has to be used. The non-simplified Mie theory shows indeed very 

good agreement with experimental absorbance spectra of GNPs. It correctly describes the 

red-shift of the dipolar plasmon resonance when increasing the particle size above ~20 nm. 

Also, the appearance of higher mode resonances for GNP sizes above ~120 nm is correctly 

described.15 Figure 3.1.1b shows data reported by the Eychmüller group, illustrating the 

remarkable agreement between experimental absorbance spectra of GNPs with those 

calculated according to Mie theory.16 

However, intrinsic size effects are not considered in Mie theory. When the size of the GNPs 

is comparable or smaller than the mean free path of conduction band electrons, scattering 

of these electrons at the GNP surface leads to significant damping of the plasmon reso-

nance.9,15 Thus, in comparison to Mie simulations, the experimentally observed plasmon 

band of GNPs with sizes below ~30 nm is usually broadened and less pronounced. 

Accordingly, the LSPR band of GNPs with diameters below ~2 nm is almost completely 

quenched. In order to improve the Mie model, the dielectric function of bulk gold can be 

corrected for intrinsic size effects by introducing an empirical size-dependent relaxation 

frequency. Such empirical correction also accounts for various other factors affecting 

electron scattering at the GNP surface, e.g., surface defects or strongly interacting ligands, 

which cause chemical interface damping (CID).9 With this correction Mie simulations 

achieve a nearly perfect agreement with experimental data. However, when decreasing the 

GNP size below ~1.5 nm, quantum size effects become dominant and discrete energy bands 

are formed. Thus, Mie theory cannot describe the optical properties of such small GNPs.9 

Finally, it is worth noting that the Mie theory was developed to model the optical properties 

of spherical metal particles. It is also applicable to spherical core-shell structures. A few 

years after Mie’s publication, Gans expanded on Mie theory to describe the plasmonic 

properties of ellipsoidal metal nanoparticles.17 This model provides an analytical solution 

to the optical properties of gold nanorods. However, nowadays, different numerical models 

are available to model the optical properties of GNPs with quite complex shapes.9,15  
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Figure 3.1.2 a) UV/vis absorbance spectra of dodecylamine stabilized GNPs in heptane (GNP, 

black line) and ,-alkanedithiol cross-linked GNP films on glass substrates (colored lines). The 

inset shows how the LSPR band redshifts with decreasing number of methylene units of the linker’s 

alkylene backbone. b) SAXS scattering curves of the cross-linked GNP films (upper panel) and 

extracted nearest neighbor distances NND of GNPs (lower panel). The colored numbers represent 

the number n of methylene units of the linkers’ alkylene backbone and indicate the color code for 

displayed data. The core diameters of the GNPs used for the SAXS experiments were ~3.2 nm. 

Data presented by the grey dashed line refer to 1,4-benzenedithiol (BDT) cross-linked films. 

Adapted with permission from Ref. 18: Tuning the Elasticity of Cross-Linked Gold Nanoparticle 

Assemblies, H. Schlicke et al., J. Phys. Chem. C 2019, 123, 19165. Copyright 2019 American 

Chemical Society. (DOI: 10.1021/acs.jpcc.9b03553) 

3.1.3 Red Turns Blue: Gold Nanoparticle Films 

When GNPs form aggregates in which their center-to-center distance is decreased to less 

than five times the GNP radius, the LSPR band is strongly redshifted and a striking change 

from purple-red to blue is observed.5 Based on this effect, a broad variety of bioanalytical 

assays have been developed in which the analyte triggers (or prevents) GNP aggrega-

tion.19-21 Accordingly, these assays are often referred to as GNP aggregation assays. The 

redshift of the LSPR band is also observed when depositing GNPs as thin films onto glass 

substrates. For example, Figure 3.1.2a shows a series of UV/vis absorbance spectra of GNP 

films which were prepared via layer-by-layer spin-coating using ,-alkanedithiols of 

different chain lengths (Appendix A19.0318). The GNPs used in that study had core 

diameters of 3-4 nm. As seen, the LSPR band of the GNP films is strongly red-shifted when 

compared to the LSPR band of well-separated GNPs in solution. Furthermore, the LSPR 

band of the films gradually shifts to longer wavelength with decreasing alkylene chain 

https://doi.org/10.1021/acs.jpcc.9b03553
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length of the dithiol cross-linker. The small angle x-ray scatting (SAXS) data shown in 

Figure 3.1.2b confirm that the interparticle distances are well-controlled by the chain length 

of the cross-linker. Considering the GNP diameter of 3.2 nm, the data reveal a decrease of 

the edge-to-edge interparticle distances from ~1.1 to ~0.5 nm with decreasing chain length 

from 10 to 4 methylene units. Note, the shift in the LSPR band (3.1.2a, inset) follows the 

trend of interparticle separations determined by SAXS measurements (Figure 3.1.2b, lower 

panel).  

The optical properties of densely packed GNP assemblies cannot be described by the Mie 

theory as this model does not consider interparticle plasmon coupling. Instead, effective 

medium models are frequently used. Prevalently, the Maxwell-Garnett theory is used, 

which dates back to two publication in 1904 and 1906.22,23 As shown by a systematic study 

of Ung et al., this model provides very good agreement with experimental data.24 In that 

study, thin films of silica-encapsulated GNPs were deposited onto glass substrates and the 

interparticle distances were accurately adjusted by varying the silica shell thickness. 

Absorbance spectra of these GNP films, with volume fractions of up to ~0.5, were found 

in good agreement with spectra according to the Maxwell-Garnett model. 

The Maxwell-Garnett theory uses the Clausius-Mossotti equation to link the microscopic 

polarizability  of the GNPs to a macroscopic effective dielectric function eff of the GNP 

film composite:15   
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Here, m is the dielectric constant of the matrix and  is the average film volume per 

particle. Considering only dipolar plasmon excitation, the polarizability of a GNP is given 

by the following formula:15 
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In this equation, V is the GNP volume and () is the dielectric function of gold. Inserting 

this equation into Equation 3.3 provides the complex effective dielectric function eff ():15 
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Here, f is the volume fraction of gold within the film. The effective dielectric function can 

be used to calculate eff() which is the imaginary part of the effective complex index of 

refraction of the composite film:5,24 
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With eff() the absorption coefficient () of the GNP film can be calculated using the 

following equation:5,24 

( )
( )eff4  

 


=         (3.7) 

Equation 3.7 returns the absorption spectrum of a dense GNP dispersion in a matrix with 

the dielectric constant m and with a GNP volume fraction f. In general agreement with 

experimental data, (cf. Figure 3.1.2a) the calculated LSPR band redshifts significantly with 

increasing volume fraction f. In order to further improve the comparability with 

experimental data, Ung et al. expanded the set of above given equations to account for 

reflection losses and interference effects, which usually contribute to the observed 

absorbance spectra of thin GNP films.24 However, it should be kept in mind that the 

Maxwell-Garnett model is restricted to several conditions, including: (i) The GNP sizes are 

within the quasistatic regime. (ii) The GNPs have a spherical shape. (iii) Tunneling 

processes between particles can be disregarded. Further, the Maxwell-Garnett theory does 

not consider variations of electronic coupling between neighboring GNPs imparted by 

structural features of employed cross-linkers. For example, we studied the optical and 

electronic properties of GNP films cross-linked with conjugated and non-conjugated 

dithiols and bis-dithiocarbamates (Appendix A04.0425). Although the cross-linking 

molecules had comparable sizes, the interparticle coupling was significantly enhanced in 

the case of bis-dithiocarbamate cross-linked films, especially when using a conjugated bis-

dithiocarbamate as cross-linker. Accordingly, the LSPR band of these GNP films was 

notably broadened and redshifted. Such coupling effects are disregarded in the classical 

Maxwell-Garnett theory. 

Finally, it should be emphasized that the Maxwell-Garnett theory is usually applied to 

simulate the optical properties of extended disordered GNP assemblies. To simulate the 

optical properties of well-ordered GNP assemblies and to elucidate the underlying 

structure-property relationships, other theoretical approaches are required. For example, 

plasmonic coupling between GNPs has been studied by arranging GNPs as dimers with 

precisely controlled interparticle distances.26 The redshift of the LSPR band decayed with 

increasing particle distance following a universal exponential law (plasmonic ruler 

equation). In that study the discrete dipolar approximation (DDA) method was used to 

simulate the observed optical behavior. Another study investigated the collective modes of 

plasmonic oligomers consisting of GNPs arranged in hexagonal patterns.27 It was shown 

that the extinction spectra were strongly affected by variations of the GNPs’ geometric 

arrangement. Due to plasmonic interactions, the extinction spectra revealed sharp dips and 

spikes, which are known as Fano resonances.9,28 In that study the multiple multipole 

program (MMP)29 was used to simulate the observed plasmonic properties. Very recently, 

extended GNP films consisting of mono-, bi-, and multilayered GNP superlattices have 

been prepared and enabled the observation of well-defined collective plasmon-polariton 

modes.30–32 It was shown that the observed optical properties showed good agreement with 

finite-difference time-domain (FDTD) calculations. 
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3.2  Charge Transport in Gold Nanoparticle Films 

3.2.1 Granular Metal Films and Films of Metal Nanoparticles - A Historical Review 

The unusual charge transport properties of very thin discontinuous metal films attracted 

scientific interest already since the ending 19th century. For example, in 1898 Stone 

reported unusual electrical properties of thin silver films, which were deposited onto glass 

substrates via chemical reduction.33 Her experimental data revealed a significant increase 

in specific resistance for films with thicknesses in the nanometer range. A few years later, 

similar observations were made by Longden34 and Patterson35, who studied the electrical 

resistance of thin platinum and silver films deposited onto glass substrates via cathode 

discharge in vacuum. For very thin films they confirmed an unusual increase in specific 

resistance. Longden also observed the transition to a negative temperature coefficient of 

resistance (TCR). Thomson suggested that the unexpected increase in resistance is caused 

by a decrease of the electron’s mean free path when the film thickness becomes comparable 

to the mean free path in the corresponding bulk metals.36 As an alternative explanation, 

Drude proposed that very thin metallic films may not be sufficiently coherent and that this 

may compromise the specific conductance.37 However, in the following decades the 

unusual charge transport properties of ultra-thin metal films remained mysterious. For 

example, in 1931 Reinders and Hamburger reported on the conductivity of very thin 

tungsten films, which were prepared on glass and quartz substrates by vapor deposition.38 

When decreasing the theoretical film thickness to the range of atomic layers, they also 

observed a significant increase of the material’s specific resistance and a change of the TCR 

from positive to negative. However, since the granular structure of such films was still 

unconfirmed, they attributed their findings to abnormally increased interatomic distances 

and increased mobility of atoms with increasing temperature.  

Three decades later, in the early 1960s, Neugebauer and Webb prepared ultrathin gold films 

on glass substrates via vapor deposition.39 Confirming Drude’s hypothesis, electron micros-

copy images revealed a discontinuous granular film structure consisting of gold islands 

with sizes in the low nanometer range and interisland distances between ~1 and ~10 nm. 

Conductance measurements confirmed a thermally activated charge transport mechanism 

with Arrhenius-type behavior (i.e., a linear decrease of ln(R-1) vs. T-1, where R is the 

resistance and T the absolute temperature). Further, ohmic current-voltage characteristics 

were observed within the low bias regime. To explain these findings, the authors proposed 

an activated tunneling mechanism in which charged nanoparticles are formed by the 

transfer of thermally activated charge carriers between neighboring particles. Thus, they 

assumed that the observed Arrhenius activation energy is related to the Coulomb energy 

required for generating pairs of charged nanoparticles. Further, the charge carrier mobility 

was attributed to tunneling between neighboring particles. Hence, under an external bias 

voltage, charge carriers are drifting in the direction of the applied electric field.  

In the 1970s, Abeles et al. studied the charge transport properties of granular metal films, 

which were prepared by co-sputtering metals (Ni, Pt, Au) and insulators (SiO2, Al2O3).
40 

To explain their findings, they developed a theory which is often referred to as the granular 

metal theory (GMT). This theory considers grain charging energies and tunneling of charge 
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carriers between neighboring grains, similar as in the model of Neugebauer and Webb.39 

However, in GMT it is assumed that the grain sizes and the distances between neighboring 

grains are correlated. Hence, larger grains are assumed to have longer distances to neigh-

boring grains than smaller ones. Since the Coulomb charging energy is inversely related to 

the grain size and the tunneling probability decays exponentially with increasing tunneling 

distance, it was concluded that the charge transport along the most probable conduction 

paths of the percolating network requires an optimal balance of grain sizes and grain 

distances. In the low bias regime, where the potential drop V between neighboring grains 

is much smaller than kBT/e, this requirement leads to the prediction that ln(R-1) decreases 

linearly with T-0.5. While this prediction was consistent with the experimental data 

presented by Abeles et al., it was inconsistent with the above-mentioned Arrhenius-type 

activated charge transport reported by Neugebauer and Webb.39,40 

Based on significant achievements in the wet-chemical synthesis of ligand-stabilized metal 

nanoparticles during the 1990s, studies into the charge transport mechanisms of metal 

nanoparticle assemblies gained remarkable impetus.41 Following the Brust synthesis of 

thiol-stabilized GNPs42, numerous approaches have been elaborated enabling the pre-

paration of noble metal nanoparticles with precisely adjustable core sizes, ranging from ~1 

to ~20 nm (cf. Chapter 2).43 By varying the size of the ligands it is possible to adjust the 

thickness of the stabilizing ligand shell with Angstrom scale precision. Additionally, after 

the nanoparticle synthesis, the initial ligands can be exchanged by other ligands or cross-

linkers, either in solution or while depositing the particles as thin substrate-supported films. 

Furthermore, it is possible to exchange the initial ligands on the nanoparticle surface by 

various cross-linking molecules after having assembled the nanoparticles as thin 2D 

films.44–46 Thus, compared to previously used physical vapor deposition techniques, the 

wet chemical approach offers great flexibility since the nanoparticle synthesis and the film 

assembly process can be performed in separate steps. 

Since the mid-1990s numerous studies into the charge transport of 2D and 3D metal nano-

particle assemblies have been conducted, mainly using ligand-stabilized gold and silver 

nanoparticles.41 Many studies confirmed a thermally activated transport mechanism in 

which the activation energy decreases with increasing nanoparticle size and decreasing 

interparticle distance (see Appendix A03.0247, A04.0148, A19.0318).49–54 Thus, these studies 

indicate that the activation energy is indeed related to Coulomb charging of individual 

nanoparticles. Furthermore, many studies demonstrated that decreasing the interparticle 

distances by adjusting the size of the ligands or cross-linkers results in an exponential 

increase in the film’s conductance (see Appendix A03.0155, A03.0247, A04.0148, A04.0256, 

A11.0157, A19.0318).52–54 Hence, these findings confirm that the charge transport in metal 

nanoparticle assemblies is based on a tunneling mechanism. At very short interparticle 

distances, significantly enhanced electronic coupling results in a transition to metallic 

behavior. This transition is observable by corresponding changes in the charge transport 

characteristics and in the optical properties of metal nanoparticle films.41,52,58,59  

Comparing the results of numerous studies in detail, however, revealed various incon-

sistencies.41 For example, in many studies the thermal activation of charge transport 
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followed Arrhenius-type behavior, whereas in other studies non-Arrhenius behavior was 

observed. Also, it turned out that the molecular structure of the nanoparticle’s ligands or 

the cross-linkers has decisive influence on the conductivity of metal nanoparticle as-

semblies. For example, when interlinking gold nanoparticles with ,-alkanedithiols of 

different lengths, the conductivity decreases exponentially with increasing number of 

methylene units in the cross-linker’s backbone (see Appendix A03.0247, A19.0318). Thus, 

this finding can be attributed to simple distance dependent tunneling. However, introducing 

conjugated moieties into the cross-linker backbone, strongly enhances the charge transport 

(see Appendix A04.0425).46,60 Furthermore, it was shown that the anchoring groups of the 

cross-linking molecules can have a strong effect on the conductivity of the nanoparticle 

assembly. Thus, the above-mentioned metal-insulator transition cannot only be induced by 

strongly enhanced electronic coupling via significantly reduced interparticle distan-

ces.52,58,59 Such transition can also be achieved by adjusting the molecular structure of the 

cross-linking molecules and the chemical nature of the anchoring groups (Appendix 

A04.0425).  

In order to explain the charge transport properties in metal nanoparticle assemblies, and to 

account for the diversity of experimental findings, numerous theoretical models have been 

proposed, including the GMT, the Mott-Hubbart model, Mott’s variable-range hopping, 

cotunneling, as well as networks of random resistances.41 Discussing these models is 

beyond the scope of this treatise. Thus, the following section will focus on the two most 

fundamental events of charge transport in GNP films: electron tunneling and single electron 

charging. These events are the foundation of above-mentioned models and their con-

sideration will enable a semiquantitative understanding of resistive sensors fabricated from 

GNP films and membranes, which are the topics of Chapters 4 and 5. 

3.2.2 Tunneling and Single Electron Charging - Some Fundamental Considerations 

In assemblies of ligand-stabilized metal nanoparticles the gaps between neighboring 

particle cores form potential energy barriers to the charge transport, with thicknesses deter-

mined by the ligands’ or cross-linkers’ size. Hence, this situation can be approximated by 

two electrodes of the same metal, which are separated by a nanometer-sized gap. As 

schematically depicted in Figure 3.2.1a the height of the potential barrier is approximately 

given by the metal’s work function , which is ~5.1 eV for gold. Thus, the barrier height is 

significantly higher than typical thermal fluctuations in electron energy at room tempera-

ture, which is kBT  25 meV. Therefore, unless applying very high voltages or temperatures, 

electron transfer from one electrode to the other is classically forbidden. However, since 

the potential barrier is thin and of finite height, electrons can penetrate the barrier via 

quantum mechanical tunneling.  
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Figure 3.2.1 a) Energy diagram for two metal electrodes separated by distance L. Both electrodes 

are at the same potential. µ represents the energy of the highest occupied energy level, which equals 

approximately the Fermi energy EF. f(E) shown in grey indicates the Fermi-Dirac distribution of 

occupied energy levels.  is the work function of the metal and U represent the potential barrier 

height with respect to energy level E. b) When applying a positive bias voltage Vb to Electrode 2 

the energy of the highest occupied levels is decreased. Red bars indicate the distribution of occupied 

energy levels of Electrode 1, which are available for electron tunneling to Electrode 2. The dotted 

lines indicate a slight decrease in barrier height when considering the effect of image charges. 

Reprinted with permission from Ref. 41: Charge Transport in Nanoparticle Assemblies. A. Zabet-

Khosousi and A. A. Dhirani, Chem. Rev. 2008, 108, 4072. Copyright 2008 American Chemical 

Society. (DOI: 10.1021/cr0680134) 

The tunneling transmission probability 
2

T for electron transfer is given by the following 

equation:41   

( )
2

exp 2T L −             (3.8) 

Here, L is the barrier width and  is the tunneling decay constant, which depends on the 

barrier height as follows: 

e2 m U
=           (3.9) 

In this equation, me is the mass of the electron, U is the potential barrier height, and  is 

Planck’s constant. Approximating U by  = 5.1 eV returns a tunneling decay constant of 

~11 nm-1, and, thus, 
2

T  e-2.2 L /0.1nm  10-L/0.1nm. Hence, the tunneling transmission 

probability is expected to decrease roughly by one order of magnitude for every 1 Å 

increase in barrier thickness.41 

When applying a bias voltage to the nanoparticle film, the nanoparticles experience a 

potential gradient along the electric field. Thus, the gap between two nanoparticles in the 

direction of the electric field now resembles the situation shown in Figure 3.2.1b, where a 

positive potential is applied to Electrode 2 via bias voltage Vb. As indicated in the figure, 

this potential change decreases the Fermi energy level EF and, therefore, the Fermi-Dirac 

https://doi.org/10.1021/cr0680134
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distribution of filled energy states of Electrode 2 shifts to lower energies. Consequently, 

the density of filled energy states available for tunneling from Electrode 1 to Electrode 2 

increases. Using Fermi’s golden rule, the net rate of electron tunneling from Electrode 1 to 

Electrode 2 can be calculated and translated into a net tunneling current I flowing from 

Electrode 1 to Electrode 2:41     

t bI g V=           (3.10) 

Here, gt is the tunneling conductance, which is given by Equation 3.11 for the regime of 

low bias voltages (eVb << EF). 

( ) ( )
2

22

t F F

4 e
g E T E=


        (3.11) 

In this equation, ( )FE and ( ) ( )
2

F expT E L − are the density of states and the tun-

neling transmission at EF, respectively. Here, according to Equations 3.8 and 3.9, the 

tunneling decay constant is defined as  = 2   Å-1 for clean gold electrodes. Since gt 

is directly proportional to the tunneling transmission, it follows that the tunneling current I 

decays exponentially with increasing electrode separation L.41  

Inserting molecules, such as the ligands or cross-linkers of GNP films, into the above 

described electrode configuration, changes the effective potential barrier height. For elec-

tron transport, this effect depends on the alignment of the molecule’s lowest unoccupied 

molecular orbital (LUMO) with the Fermi level of the electrodes. Hence, the effective 

barrier height can be approximated by the energy difference of the Fermi level and the 

LUMO. For hole transport, the energy difference between the highest occupied molecular 

orbital (HOMO) and the Fermi level has to be considered.  

Since the barrier height of tunnel junctions with inserted molecules is smaller than for 

junctions formed by clean metal electrodes in vacuum, the value of the tunneling decay 

constant  is smaller. The influence of structural variations of inserted molecules on the 

tunneling decay constant  has been addressed in several studies. For example, Murray and 

coworkers studied the charge transport in films from alkanethiol-stabilized GNPs.54 In 

order to determine the tunneling decay constant for the alkanethiolate ligand shell, films 

with various interparticle distances were prepared by systematically varying the length of 

the ligands. Evaluating the conductivities of these films revealed a tunneling decay constant 

 = 0.8 Å-1. Note, a tunneling decay constant of 0.8 Å-1 implies that an increase of the tunnel 

barrier thickness by 1 Å decreases the conductivity by a factor of ~0.45. In another study, 

conductive probe AFM was used to determine the tunneling decay constant for monolayers 

of alkanethiolates and oligophenylene thiolates. For the former, the decay constant was 

determined as 0.94 Å-1, whereas for the latter a value of 0.42 Å-1 was obtained.61 This 

difference was attributed to the smaller HOMO-LUMO gap with closer positioning of the 

frontier orbital levels to the electrodes’ Fermi level in the case of the conjugated oligo-

phenylene thiolates.41 As will be discussed further below, similar observations have been 

reported for GNP films, which were assembled using differently structured cross-linker 

molecules. 
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In contrast to the above-described temperature independent tunneling process (cf. 

Equations 3.10 and 3.11), the observed conductivity of metal nanoparticle assemblies is a 

function of temperature, usually with a negative TCR. The thermal activation of charge 

transport can be explained by taking into consideration charging (and discharging) of 

individual nanoparticles as indispensable events of the overall charge transport mechanism. 

Thus, it is instructive to consider the Coulomb charging energy 
CE of an isolated metal 

sphere with radius r: 

2 2

C

0 r2 8

e e
E

C r

 = =
 

        (3.12) 

Here, C is the capacity, 0 is the vacuum permittivity, and r is the relative permittivity of 

the surrounding medium. For a metal particle with r = 5 nm and r = 1, the charging energy 

is ~140 meV, which is higher than the thermal energy at room temperature (~25 meV). 

Hence, it is conceivable that electric conduction in metal nanoparticle assemblies requires 

sufficient energy to enable the underlying charging events. 

For the sake of simplicity, it is useful to first consider a single metal nanoparticle inserted 

into the gap between two electrodes. Close to absolute zero temperature, the charging 

energy EC of this configuration can only be supplied by the applied electric field. Thus, as 

long as the applied voltage is too low to supply enough energy, no current will flow between 

the electrodes. In this case, the bias voltage is said to be within the “Coulomb blockade” 

(CB) regime. However, when the bias is increased, it will eventually reach a threshold 

voltage VT from which on the electric field supplies sufficient energy and, hence, current 

flow is observed. Further increasing the applied voltage can lead to multiple charging of 

the particle, which is recognized as a stepwise increase in current and known as the 

“Coulomb staircase”. Coulomb blockade behavior, and Coulomb staircase characteristics, 

have been observed in numerous experimental studies in which individual GNPs have been 

contacted by nanogap electrodes or by using scanning tunneling microscopy (STM).62–67 

Such current-voltage characteristics are well-understood and can be described by the 

semiclassical “orthodox” theory, which considers the particle/electrode junctions as 

combinations of capacitors and resistors.41 For example, Figure 3.2.2b shows a Coulomb 

staircase which was measured by contacting an Au55 cluster with an STM tip, as indicated 

in Figure 3.2.2a. 

With increasing temperature, the tunneling rate within the CB regime increases and the step 

profile of the current-voltage curve is washed out. This effect is essentially caused by 

electrons that have gained sufficient thermal energy to enable Coulomb charging at 

voltages below the threshold voltage VT. For the low voltage range within the CB region, 

it can be shown that the number n of these electrons can be approximated by the Boltzmann 

distribution, in accordance with the model proposed by Neugebauer and Webb for granular 

metals films:39,41 

( )C Bexp /n E k T −         (3.13) 
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Figure 3.2.2 a) Ligand-stabilized gold nanoparticle contacted by a conducting substrate (bottom 

electrode) and an STM tip (top electrode). b) Coulomb staircase (dotted line) of an Au55 cluster 

measured at 90 K using an STM. The red curve shows a fit to the data using a semiclassical model. 

Reprinted by permission from Springer Nature: Springer Nature, Applied Physics A: Materials 

Science & Processing, Single-Electron Tunneling in Au55 Cluster Monolayers, L.F. Chi et al. (Ref. 

68). Copyright Springer Verlag 1998. (DOI: 10.1007/s003390051127) 

Similar to the above-discussed charge transport through single nanoparticles inserted into 

an electrode gap, CB characteristics have frequently been observed for 2D arrays of ligand-

stabilized metal nanoparticles.44,69–74 These studies confirmed that the CB threshold voltage 

VT increases with decreasing nanoparticle size, i.e., with increasing Coulomb charging 

energy.71 Also, it turned out that VT depends on the degree of order of the nanoparticle array 

and the number of particles bridging the electrodes.69,71 Furthermore, VT was found to 

decrease linearly with increasing temperature.71,72 In order to explain the latter finding, 

Jaeger and coworkers proposed a percolation-based model.70 This model assumes that at 

finite temperature a certain fraction of junctions adopt ohmic behavior due to fluctuations 

in thermal energy. With increasing temperature, the number of these junctions increases. 

When reaching a certain temperature, the number of such junctions is sufficiently high to 

form an ohmic percolating pathway between the electrodes. Hence, at this temperature, VT 

vanishes and linear current-voltage curves with an Arrhenius-type activation of the charge 

transport is observed within the low voltage regime.41 

Jaeger and coworkers also investigated how the charge transport properties of GNP films 

evolve within the CB regime when successively increasing the film thickness.75 To this 

end, they prepared multilayered films and thick 3D films using dodecanethiol-stabilized 

GNPs with a core dimeter of ~5.5 nm. They observed that the conductance of a bilayer film 

was orders of magnitude higher than that of a GNP monolayer, indicating strong interlayer 

coupling. When adding more layers, the conductance further increased, but the effect was 

less pronounced. This observation was attributed to predominant current flow close to the 

substrate due to the in-plane electrode configuration used in their experiments. Within the 

temperature range of 30 to 90 K, the zero-bias conductance g0 of bi- and multilayer films 

increased with increasing temperature in accordance with variable range hopping (VRH), 

i.e., following a linear decrease of ln(g0) with increasing T-0.5. A transition to simple 

https://link.springer.com/article/10.1007/s003390051127
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Arrhenius-type activation was observed at temperatures above ~100 K. In the case of the 

thick 3D films, the negative linear ln(g0) vs. T-0.5 correlation was observed over the whole 

temperature range studied (30 - 150 K). Furthermore, current-voltage curves of the bi- and 

multilayer films, as well as the thick 3D GNP film, revealed power-law behavior within the 

CB regime. However, linear low-bias portions of the current-voltage curves were observed 

at higher temperatures, and they extended to larger applied voltages with increasing 

temperature. When increasing the temperature above ~100 K, the current-voltage curves 

approached ohmic behavior over the whole CB range and the transition to Arrhenius-type 

activation was observed, similar as for monolayer GNP films.70 These findings were 

interpreted and explained by considering the Efros-Shklovskii-type variable range hopping 

model and inelastic cotunneling.41 

For applications as resistive sensors (cf. Chapters 4 and 5), multilayered GNP films are 

most suitable as they provide sufficiently low sheet resistances. From the discussion 

presented above, it can be inferred that, at sufficiently high temperature and at voltages 

within the low bias range of the CB region, multilayered GNP films typically show ohmic 

conductivity based on Arrhenius-type activated tunneling of charge carriers. Hence, to 

describe the conductivity  of multilayered GNP films within these limiting conditions, a 

simple model equation can be applied:53,54 

( ) ( )0 A Bexp exp /E k T  = − −       (3.14) 

Here, the first exponential term accounts for tunneling of charge carriers according to 

Equation 3.8. Hence, it contains the tunneling decay constant  = 2 and the edge-to-edge 

tunneling distance  between neighboring metal cores. The second exponential term is the 

Arrhenius term with the activation energy EA. Thus, 0 exp(-) is the conductivity of the 

film for kBT >> EA. 

In accordance with the model of Neugebauer and Webb, it is assumed that the number 

density of thermally activated charge carriers is proportional to the Arrhenius term of 

Equation 3.14, were EA is the energy required for charge carrier generation.39 As proposed 

by Abeles et al., this energy can be approximated using the electrostatic model presented 

in Figure 3.2.3.40,41 Here, the energy for generating a charged particle is equivalent to the 

total energy Ees stored in the electrostatic field of the charged particle. In order to calculate 

this energy, the geometry of the particle and its nearest neighbors is approximated by a 

spherical core particle which is separated from a conducting continuum by an insulating 

shell with permittivity r. According to this model, the energy required for charging the 

central particle is given by the following equation:  

2
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r 0

1 1

8π

e
E

r r

 
= − 

+   
       (3.15) 
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Figure 3.2.3 a) Schematic drawing showing metal nanoparticles, with average radius r and 

interparticle distance , dispersed in an insulating matrix with permittivity r. b) Model used to 

approximate the electrostatic energy Ees, which is required to charge the central particle. The central 

particle is approximated as spherical metal core, which is insulated from the outer continuous metal 

by a shell of the insulating matrix. Adapted with permission from Ref. 41: Charge Transport in 

Nanoparticle Assemblies. A. Zabet-Khosousi and A. A. Dhirani, Chem. Rev. 2008, 108, 4072. 

Copyright 2008 American Chemical Society. (DOI: 10.1021/cr0680134) 

As the process of charge carrier generation always produces a positively and a negatively 

charged particle, the total energy required for producing a completely dissociated pair of 

charged particles is 0

C es2E E= . However, as pointed out by Abeles et al.40, 0

C es/ 2E E= has 

to be used as the activation energy EA in the Arrhenius term of Equation 3.14 to account 

for the number density of thermally generated charge carries. It is to note that according to 

Equation 3.15 the charging energy Ees increases with decreasing GNP core radius r and 

increasing interparticle distance . For example, Equation 3.15 returns an increase of Ees 

from 46.7 to 51.4 meV when increasing the interparticle distance  from 0.7 nm to 0.8 nm 

(assuming r = 2 nm, r = 2). This increase in the activation energy results in a decrease of 

the Arrhenius term in Equation 3.14 by a factor of ~0.8. Furthermore, Ees decreases with 

increasing permittivity r of the insulating shell. As will be discussed in Chapters 4 and 5, 

these effects have to be considered when applying GNP films as resistive strain sensors and 

chemiresistors. 

3.2.3 Charge Transport in Multilayered Gold Nanoparticle Films - Experimental 

Findings 

Some early charge transport studies on assemblies of GNPs, which were stabilized with 

alkanethiols or cross-linked with ,-alkanedithiols, indicated general agreement with an 

Arrhenius-type activation of charge carriers.50,51,53,54,76 In these studies, the thermal 

activation of charge transport was investigated within the temperature range from ~100 - 

370 K. In agreement with above-considered single electron charging events (Equation 

3.15), it was shown that with increasing GNP core size and decreasing interparticle distance 

the activation energy decreased. Moreover, several studies50,51,54 revealed a remarkably 

good agreement between the activation energies from Arrhenius plots (i.e., from ln(R- 1) vs. 

T-1 plots) and the electrostatic charging energies obtained from Equation 3.15. In contrast, 

https://doi.org/10.1021/cr0680134
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activation energies which were determined according to the GMT (i.e., from ln(R-1) vs. 

T -0.5 plots), showed significant deviations from values predicted by Equation 3.15.54  

However, the comparison of numerous studies into the charge-transport properties of metal 

nanoparticle assemblies reveals inconsistent findings.41 While many experimental studies 

showed good agreement with Arrhenius-type activation, several other studies indicated 

non-Arrhenius behavior. Also, it was observed that the thermal activation of charge 

transport can transition from non-Arrhenius to Arrhenius-type behavior with increasing 

temperature.75  

 
Figure 3.2.4 a) Current-voltage curves of a film consisting of 1,12-dodecanethiol cross-linked 

~4 nm sized GNPs, recorded at different temperatures. The film had a thickness of ~34 nm and was 

contacted by two interdigitated electrodes with a gap of 10 µm. b) Arrhenius plots of the 

conductivity  of films from ,-alkanedithiol cross-linked ~4 nm sized GNPs. The film 

thicknesses ranged between 26 and 34 nm. The number n indicates the number of methylene units 

of the cross-linker. The table presents the edge-to-edge interparticle distances  determined by 

SAXS measurements (Appendix A19.0318). The EA,exp values are the activation energies extracted 

from the slopes of the linear curve fits to the data. The Ees values are Coulomb charging energies 

which were calculated using Equation 3.15. The permittivity of the organic matrix was assumed to 

be r = 2.0. Adapted with permission from Ref. 47: Self-Assembled Gold Nanoparticle/Alkane-

dithiol Films: Preparation, Electron Microscopy, XPS-Analysis, Charge Transport, and Vapor-

Sensing Properties, Y. Joseph et al., J. Phys. Chem. B 2003, 107, 7406. Copyright 2003 American 

Chemical Society. (DOI: 10.1021/jp030439o) 

In own studies, we explored the charge transport in 3D films comprised of 3 - 4 nm sized 

GNPs. In early works, the films were prepared via layer-by-layer self-assembly and cross-

linked with various types of bi- and polyfunctional cross-linkers, including ,-

alkanedithiols of different chain lengths (see Appendix A03.0155, A03.0247, A04.0148, 

https://doi.org/10.1021/jp030439o
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A04.0256, A04.0425, A08.0177). For example, Figure 3.2.4a shows the current-voltage 

curves of a GNP film cross-linked with 1,12-dodecanedithiol (Appendix A03.0247). In 

accordance with above-presented discussion, these curves reveal ohmic conductivity in the 

low voltage range. Further, the slope of the curves increases with increasing temperature, 

confirming a thermally activated charge transport mechanism (negative TCR). 

Figure 3.2.4b presents the Arrhenius plots of conductivity for GNP films cross-linked with 

,-alkanedithiols comprising 6, 9, 12, and 16 methylene units, as indicated (Appendix 

A03.0247). The linear curve fits reveal good agreement with an Arrhenius-type activation 

of charge transport within the considered temperature range (100 - 300 K). Plotting the data 

as ln() vs. T-0.5 (i.e., according to GMT or 1D VRH) resulted in somewhat more obvious 

deviations from linear fits.47 The activation energies EA,exp were extracted from the slope 

of the Arrhenius plots and are presented in the table of Figure 3.2.4b. In accordance with 

Equation 3.15, the EA,exp values increase with increasing size of the cross-linkers and, 

hence, with increasing interparticle distances. The table also displays the interparticle edge-

to-edge distances SAXS, which were determined in a later study via SAXS measurements 

using similar ,-alkanedithiol cross-linked GNP films (cf. Figure 3.1.2b, Appendix 

A19.0318). With these  values, a GNP core radius of 2 nm, and an assumed relative 

permittivity r = 2 for the organic matrix of saturated alkane chains, the Coulomb charging 

energies Ees were calculated using Equation 3.15. Respective values are presented in the 

table of Figure 3.2.4b. The similarity between the Ees and the EA,exp values is remarkable. 

However, it should be kept in mind that the calculated Ees values are based on a rather 

simplified Coulomb charging model (cf. Figure 3.2.3). Furthermore, the  values refer to 

GNP films, which were prepared via layer-by-layer spin-coating and not via layer-by-layer 

self-assembly, as were the films used for these charge transport measurements. Thus, it 

cannot be excluded that the different ways of film deposition led to different interparticle 

distances and possibly different degrees of particle aggregation. Also, the  values 

determined via SAXS measurements have to be considered with caution. The disordered 

nature of the samples and the broad size distribution of the GNPs (~15 %) caused 

significant broadening of the scattering curves (cf. Figure 3.1.2b) and, therefore, the data 

analysis was challenging. Further, in order to extract the interparticle distances from the 

SAXS data the structure of the GNP assembly was approximated using an fcc model, 

although the TEM images revealed a rather disordered film morphology (Appendix 

A19.0318).  

As shown by the Arrhenius plots in Figure 3.2.4b, the conductivity decreased significantly 

with increasing length of the ,-alkanedithiol cross-linker. Figure 3.2.5 presents a table 

with the room temperature conductivities RT of the films. These values reveal a decrease 

in conductivity by roughly one order of magnitude with every three methylene units 

inserted into the alkylene chain. Figure 3.2.5 also presents a plot of the ln(RT) data vs. the 

cross-linker length, expressed as the number n of methylene units. The slope of the linear 

curve fit provides a value of 0.71, which can be considered as an approximate value for the 

tunneling decay constant n. In this approximation the dependency of EA on the interparticle 

distances is neglected (cf. Equation 3.14). Alternatively, the value of n can be determined 
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by extrapolating the Arrhenius plots to infinite temperature and plotting the obtained 

intercepts [ln(0)-nn] (cf. Equation 3.14) vs. the number n of methylene units, as also 

shown in Figure 3.2.5. The slope of the linear fit suggests a value of 0.61 for n. 

 
Figure 3.2.5 Plot of ln(RT) and the extrapolated ln() intercepts of Arrhenius plots vs. the length 

of the ,-alkanedithiol cross-linker expressed as the number n of methylene units. The table 

presents the room temperature conductivities RT. The diameter of the GNPs was ~4 nm and the 

film thicknesses ranged between 26 and 34 nm. Adapted with permission from Ref. 47: Self-

Assembled Gold Nanoparticle/Alkanedithiol Films: Preparation, Electron Microscopy, XPS-

Analysis, Charge Transport, and Vapor-Sensing Properties, Y. Joseph et al., J. Phys. Chem. B 2003, 

107, 7406. Copyright 2003 American Chemical Society. (DOI: 10.1021/jp030439o) 

Interestingly, the n values determined in this study are significantly lower than those 

reported by Wuelfing et al. for films consisting of non-interlinked alkanethiol-stabilized 

GNPs.54 They reported n values of 0.9 and 1.2, depending on the method used for data 

evaluation. This difference suggests that cross-linking the GNP cores with dithiols leads to 

significantly enhanced electronic coupling between neighboring particles. Lindsay and co-

workers explored the charge transport through ,-alkanedithiols using conductive probe 

AFM and determined a n value of 0.57, in close agreement with our study.78  

However, in a subsequent study we extended the length of the ,-alkanedithiol cross-

linker to 20 methylene units and observed that the ln(RT) vs. n plot deviated significantly 

from linearity, i.e., the slope of the curve became less steep with increasing alkylene chain 

length (see Appendix A04.02).56 In fact, this trend is already observable by the data 

presented in Figure 3.2.5. To explain this finding, it was suggested that the increase in 

interparticle distance per added methylene unit becomes less pronounced with increasing 

length of the cross-linker, due to increasing conformational freedom and more pronounced 

folding of the longer alkylene chains. Hence, if tunneling proceeds not only along the 

backbone of the linker, but also through space, the increase in effective tunneling distances 

per added methylene unit becomes less pronounced with increasing alkylene chain length. 

Thus, the decrease in conductivity with increasing number n of methylene units flattens. 

https://doi.org/10.1021/jp030439o
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This effect would explain why the n values presented in Figure 3.2.5 are smaller than those 

reported by Wuelfing et al.54 For example, taking only the first three data points for the 

linear curve fits suggests n values of ~0.9 and ~0.8, depending on the method used for data 

evaluation. These values are closer to those determined by Wuelfing et al. for films 

consisting of non-interlinked alkanethiol-stabilized GNPs.54 

 
Figure 3.2.6 Arrhenius plots of the conductivity  of films from ,-alkanedithiol cross-linked 

GNPs. The GNP core diameters were (3.8 ± 0.7) nm for the films referring to ,-alkanedithiols 

with n = 4, 6, 8, 9, 10 methylene units, and (4.0 ± 0.7) nm for the film referring to n = 5 methylene 

units. The table presents the edge-to-edge interparticle distances SAXS determined by SAXS 

measurements. The EA,exp values are the activation energies extracted from the slopes of shown 

linear curve fits to the data. The Ees values are Coulomb charging energies, calculated using 

Equation 3.15. The permittivity of the organic matrix was assumed to be r = 2.0. Adapted with 

permission from Ref. 18 (Supporting Information): Tuning the Elasticity of Cross-Linked Gold 

Nanoparticle Assemblies, H. Schlicke et al., J. Phys. Chem. C 2019, 123, 19165. Copyright 2019 

American Chemical Society. (DOI: 10.1021/acs.jpcc.9b03553) 

In a more recent study, we investigated the charge transport properties of GNP films cross-

linked with ,-alkanedithiols with shorter chain lengths, i.e., comprising 4 - 10 methylene 

units (see Appendix A19.0318). Here, the films were fabricated via layer-by-layer spin-

coating and not via layer-by-layer self-assembly, as it was done in the study discussed 

above. In accordance with our previous study, the data presented in Figure 3.2.6 reveal an 

Arrhenius-type activation of charge carriers. As expected, the activation energies EA,exp 

increase with increasing size of the linker molecules, i.e., with increasing interparticle 

distance . However, the EA,exp values of the films cross-linked with 1,6-hexanedithiol and 

1,9-nonanedithiol are significantly lower than those of the corresponding films prepared 

via layer-by-layer self-assembly in the previous study (cf. Figure 3.2.4b), although the 

initial size of the dodecylamine-stabilized GNPs, which were used for film preparation in 

both studies, was comparable. Furthermore, the EA,exp values listed in the table of Figure 

3.2.6 are all significantly smaller than the Ees values calculated using Equation 3.15. These 

findings suggest that the fabrication process via the layer-by-layer spin-coating protocol 

https://doi.org/10.1021/acs.jpcc.9b03553
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resulted in somewhat increased GNP sizes in the finally obtained composite film. As 

discussed in Ref. 57 (Appendix A11.01), the layer-by-layer spin-coating method can indeed 

promote GNP aggregation and fusion due to ligand stripping and insufficient re-

stabilization of the GNPs during the rapid ligand/linker exchange process. Also, the 

scattering curves of SAXS measurements presented in Figure 3.1.2b indicates particle ag-

gregation in case of the 1,4-butanedithiol cross-linked GNP film (see Appendix A19.0318). 

 
Figure 3.2.7 a) Plots of ln(RT) and the extrapolated intercepts of Arrhenius plots vs. the length of 

the ,-alkanedithiol cross-linker expressed as number n of methylene units. The table presents the 

room temperature conductivities RT. b) Plots of ln(RT) and the extrapolated ln() intercepts of 

Arrhenius plots vs. the interparticle edge-to-edge distances  determined by SAXS measurements. 

The data for these plots were taken from Ref. 18. 

Figure 3.2.7a presents the room temperature conductivities of the spin-coated ,-alkane-

dithiol cross-linked GNP films and shows plots of ln(RT) values and the extrapolated 

intercepts [ln(0)-nn] of Arrhenius plots vs. the linker length as the number n of methylene 

units. Compared to the layer-by-layer self-assembled GNP films, the RT values reveal a 

stronger decrease in conductivity with increasing length of the linker. More specifically, 

the conductivity decreases by roughly one order of magnitude for every two methylene 

units inserted into the cross-linker’s alkylene chain. The slopes of the linear curve fits to 

the data provide 1.1 and 1.0 as values for the tunneling decay constant n. These values are 

higher than those determined for the ,-alkanedithiol cross-linked GNP films prepared 

via layer-by-layer self-assembly (cf. Figure 3.2.5), but they are comparable to the n values 

of 0.9 and 1.2 reported by Wuelfing et al.54 for non-interlinked films of alkanethiol-

stabilized GNPs. Considering the above-mentioned results reported by Lindsay and 

coworkers78, this finding suggests that GNP films prepared via layer-by-layer spin-coating 

may have a lower degree of cross-linking than those prepared via layer-by-layer self-

assembly. This assumption is supported by XPS analyses, which revealed that ,-

alkaneditiol cross-linked GNP films prepared via spin-coating contain a significantly larger 

fraction of free sulfhydryl (-SH) groups than GNP films prepared using the self-assembly 

protocol (see Appendix A03.0247, A19.0318). 
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Figure 3.2.7b presents plots of ln(RT) and the extrapolated intercepts [ln(0)-] of 

Arrhenius plots vs. the edge-to-edge interparticle distance  determined by SAXS measure-

ments (Appendix A19.0318). The slopes of the linear curve fits to the data provide 1.2 Å-1 

and 1.1 Å-1, respectively, as values for the tunneling decay constant . These values are in 

agreement with the value of 1.2 Å-1 reported by Terrill et al.53, but larger than the value of 

0.8 Å-1 determined by Wuelfing et al.54 for non-interlinked films of alkanethiol-stabilized 

GNPs. Similar values have also been reported for the charge transport through self-

assembled monolayers of alkanethiols in metal-insulator-metal junctions. In agreement 

with our study, Wold and Frisbie reported a tunneling constant of 1.10 Å-1.79 However, in 

a similar study Holmin et al. reported a tunneling constant of 0.87 Å-1 for alkanethiol 

monolayers.80 Note, in view of the sensor devices discussed in subsequent chapters of this 

treatise, a tunneling decay constant of 1.1 Å-1 of our spin-coated GNP films implies that an 

increase in interparticle distance by 1.0 Å reduces the initial conductivity to approximately 

one third of its initial value. 

 
Figure 3.2.8 a) Schematic of a GNP/PPI dendrimer film deposited onto a substrate with inter-

digitated electrodes. Adapted with permission from Ref. 55: Gold Nanoparticle/PPI-Dendrimer 

Based Chemiresistors - Vapor-Sensing Properties as a Function of the Dendrimer Size, N. Krasteva 

et al., Sensors Actuators, B Chem. 2003, 92, 137. © 2003 Elsevier Science B.V. All rights reserved. 

(DOI: 10.1016/S0925-4005(03)00250-8) b) Molecular structures of a first (G1) and third gene-

ration (G3) PPI dendrimer.  

In subsequent studies, we investigated the charge transport properties of thin films 

consisting of ~4 nm sized GNPs cross-linked with poly(propyleneimine) (PPI) dendrimers 

(Appendix A03.0155, A04.0148). The schematic drawing in Figure 3.2.8a depicts the 

composite film deposited onto a substrate with interdigitated electrodes. In order to tune 

the interparticle distances, PPI dendrimers of generation one to five (G1 - G5) were used 

to cross-link the GNPs via layer-by-layer self-assembly. Figure 3.2.8b exemplarily shows 

the molecular structures of the first and third generation PPI dendrimers (G1 and G3, 

respectively).  

https://doi.org/10.1016/S0925-4005(03)00250-8
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Consistent with the above-presented data referring to the ,-alkanedithiol cross-linked 

GNP films, all GNP/PPI composite films showed ohmic conductivity in the low voltage 

regime. Also, as shown by the data presented in Figure 3.2.9a, the thermal activation of 

charge transport showed good agreement with the Arrhenius model. Furthermore, as 

expected, the activation energies EA,exp increased with the size of the cross-linking 

dendrimer. For comparison, the Coulomb charging energies Ees were calculated according 

to Equation 3.15. As a rough estimate for the interparticle distances the hydrodynamic radii 

of the dendrimers were used, and not their hydrodynamic diameters. This was done to 

account for conformational deformation of the flexible dendrimer structure.48 For the 

smaller dendrimers (G1 - G3) the Coulomb charging energies Ees show quite good 

agreement with the experimentally determined activation energies EA,exp. However, more 

significant deviations were observed for the larger dendrimers (G4, G5), possibly indicating 

that the interparticle distances in these films were overestimated.  

 
Figure 3.2.9 a) Arrhenius plots of the conductivity  of GNP films cross-linked with PPI 

dendrimers of generations G1 to G5. The film thicknesses ranged from 19 to 32 nm. The 

dendrimers’ hydrodynamic radii were used as estimates for the edge-to-edge interparticle distances 

, presented in the table. The EA,exp values are the activation energies extracted from the slopes of 

the Arrhenius plots. The Ees values are the charging energies according to Equation 3.15. The 

permittivity of the PPI dendrimer matrix was assumed to be r = 2.0. b) Plots of ln() data vs. T-0.5 

according to the GMT or 1D VRH. Reproduced from Ref. 48 with permission from the Royal 

Society of Chemistry. (DOI: 10.1039/B302678G) 

As shown in Figure 3.2.9b, the ln() vs. T-0.5 data deviate somewhat more obviously from 

the linear fit functions than the Arrhenius plots shown in Figure 3.2.9a. Also, the activation 

energies, which were determined from the linear curve fits shown in Figure 3.2.9b using 

the GMT model, indicated an unreasonable decrease of the activation energies with 

increasing dendrimer size and severe deviations from the calculated charging energies Ees 

(see Appendix A04.0148). Hence, within the considered temperature range (100 - 300 K), 

the thermal activation of charge transport in the studied GNP/PPI films is better described 

by the Arrhenius model than by the GMT or the 1D VRH model.  

https://pubs.rsc.org/en/content/articlehtml/2004/fd/b302678g
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In another study, we explored the charge transport properties of GNP films prepared via 

layer-by-layer self-assembly using ~4 nm sized GNPs and different dithiols and bis-

dithiocarbamates as cross-linkers. These cross-linkers comprised either conjugated or non-

conjugated structural moieties (Appendix A04.0425). Table 3.2.1 presents the molecular 

structures of these cross-linkers, their lengths, and their calculated HOMO-LUMO energy 

gaps (EHOMO-LUMO). All GNP films showed ohmic conductivity within the considered 

temperature range (100 - 300 K) and within the low voltage regime. The Arrhenius plots 

presented in Figure 3.2.10 clearly show that the charge transport does not only depend on 

the size of the cross-linker, but that the degree of conjugation as well as the nature of 

chemical binding to the GNP surface are of major importance.  

 
Table 3.2.1 Molecular structure, length, and HOMO-LUMO energy gap of different cross-linker 

molecules. a) S-S distance of energy-minimized structure. b) S--S- distance of energy-minimized 

structure. Reprinted with permission from Ref. 25: Optical and Electrical Properties of Three-

Dimensional Interlinked Gold Nanoparticle Assemblies, J. M. Wessels et al., J. Am. Chem. Soc. 

2004, 126, 3349. Copyright 2004 American Chemical Society. (DOI: 10.1021/ja0377605) 

The GNP films which were cross-linked with the four different dithiol compounds (1a, 1b, 

2a, 2b) showed Arrhenius-type activation of charge carriers with activation energies EA,exp 

falling into the same range as those observed for the ,-alkanedithiol cross-linked GNP 

films (see table in Figure 3.2.10). Further, in agreement with the data discussed above, the 

EA,exp values are higher for the films cross-linked with the longer linker compounds 2a and 

2b. The data also reveal that exchanging the central cyclohexyl ring of the cross-linker (1b, 

2b) for a fully conjugated benzyl ring (1a, 2a), does not affect the activation energies, 

significantly. In contrast, as will be discussed in more detail below, the conductivities of 

the films comprising the conjugated cross-linkers are one order of magnitude higher than 

those cross-linked with the non-conjugated dithiols (see table in Figure 3.2.10). 

https://doi.org/10.1021/ja0377605
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Using bis-dithiocarbamates (3a, 3b) as cross-linkers, instead of the dithiols, has a strong 

impact on the observed charge transport properties. In the case of the non-conjugated bis-

dithiocarbamte 3b, comprising a central cyclohexyl ring, the activation energy EA,exp is 

significantly reduced. This effect was attributed to the dithiocarbamate anchoring group 

forming a resonant state at the organic/metal interface, due to overlap of the molecular 

orbital with the metal wave function. Hence, this resonant state causes an apparent increase 

of the GNP core size.25 Furthermore, when exchanging the cyclohexyl ring of the bis-

dithiocarbamate (3b) for a benzyl ring (3a), a transition to metallic behavior was observed, 

i.e., the conductivity decreased with increasing temperature (TCR > 0).  

 
Figure 3.2.10 Arrhenius plots of the conductivity  of GNP films cross-linked with the linker 

molecules shown in Table 3.2.1. The dotted lines represent the data referring to the films with the 

non-conjugated linker molecules. The solid lines represent data referring to the conjugated linker 

molecules. The table presents the room temperature conductivities RT and the activation energies 

EA,exp extracted from the slopes of linear curve fits to the Arrhenius plots. The film thicknesses were 

within the range of 10 to 20 nm. Adapted with permission from Ref. 25: Optical and Electrical 

Properties of Three-Dimensional Interlinked Gold Nanoparticle Assemblies, J. M. Wessels et al., 

J. Am. Chem. Soc. 2004, 126, 3349. Copyright 2004 American Chemical Society. (DOI: 

10.1021/ja0377605) 

Compared to the dithiol cross-linked GNP films (1a, 1b, 2a, 2b), both bis-dithiocarbamate 

cross-linked films (3a, 3b) exhibited significantly enhanced conductivities RT (see table in 

Figure 3.2.10). Again, exchanging the central cyclohexyl ring (3b) for a benzyl ring (3a) 

increased the conductivity by one order of magnitude. The increased electronic coupling 

between the GNPs was also observable by changes in the films’ optical properties 

(Appendix A04.0425). Compared to the dithiol cross-linked GNP films, the LSPR band of 

the dithiocarbamate cross-linked films was significantly broadened and redshifted. In 

accordance with the conductivity data, this effect was more pronounced for the film with 

the conjugated bis-dithiocarbamate cross-linker.  

In Figure 3.2.11a the Arrhenius intercepts are plotted vs. the cross-linker length (Appendix 

A04.0425). In contrast to the homologous series of ,-alkanedithiols discussed above (cf. 

https://doi.org/10.1021/ja0377605
https://doi.org/10.1021/ja0377605


CHAPTER 3 

90 
 

Figure 3.2.7) and studies on metal-insulator-metal junctions with alkanethiols79,80 and ,-

alkanedithiols78, there is no indication for a clear linear relationship between the intercept 

values and the linker length. However, when plotting the Arrhenius intercepts vs. the 

number nn-con of the non-conjugated bonds, a linear correlation is obtained, as shown in 

Figure 3.2.11b (with the exception of linker 3b). This finding reveals that the conjugated 

parts of the linker do not contribute significantly to the decay of the electron wave function. 

Hence, it was suggested that non-resonant charge transport along the non-conjugated bonds 

governs the tunneling decay constant, while the contribution from the conjugated moieties 

is weak (corresponding to resonant tunneling).25 As mentioned above, exchanging the 

cyclohexyl ring (linkers 1b, 2b, 3b) for a benzyl ring (linkers 1a, 2a, 3a) leads to an increase 

in conductivity by one order of magnitude. This corresponds to the exchange of three non-

conjugated bonds for three conjugated bonds. Note, a similar increase in conductivity was 

observed for the ,-alkanedithiol cross-linked GNP films when shortening the linker by 

2 - 3 methylene units (cf. Figures 3.2.5 and 3.2.7a). 

 
Figure 3.2.11 a) Extrapolated intercepts of Arrhenius plots as a function of the length of the cross-

linker molecules shown in Table 3.2.1. The S-S distances of the dithiols and S--S- distances of the 

bis-dithiocarbamates refer to energy-minimized structures. b) Extrapolated intercepts of Arrhenius 

plots as a function of the number nn-con of non-conjugated bonds in the cross-linker molecules. For 

cross-linkers 3a and 3b the conjugated nature of the C-N bond in the dithiocarbamate moiety was 

taken into account. Adapted with permission from Ref. 25: Optical and Electrical Properties of 

Three-Dimensional Interlinked Gold Nanoparticle Assemblies, J. M. Wessels et al., J. Am. Chem. 

Soc. 2004, 126, 3349. Copyright 2004 American Chemical Society. (DOI: 10.1021/ja0377605) 

The slope of the linear curve fit shown in Figure 3.2.11b reveals a n-con value of 0.99 (per 

non-conjugated bond), which is higher than the n values of 0.61 and 0.71, reported for 

,-alkanedithiol cross-linked GNP films prepared via layer-by-layer self-assembly (cf. 

Figure 3.2.5).47 However, the value is comparable to the n values (1.03 and 1.12) obtained 

for the ,-alkanedithiol cross-linked GNP films prepared via layer-by-layer spin-coating 

(cf. Figure 3.2.7a). As mentioned above, similar n values (0.9 and 1.2) were also reported 

by Wuelfing et al. for non-interlinked films of alkanethiol-stabilized GNPs.54 

Finally, it is to note that the highest conductivities were achieved when cross-linking the 

GNP films with the dithiocarbamates 3a and 3b, which had the lowest HOMO-LUMO 

https://doi.org/10.1021/ja0377605
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energy gaps (cf. Table 3.2.1). However, the conductivities of the other films did not indicate 

an obvious correlation with the HOMO-LUMO gaps of the corresponding linker mole-

cules. 

3.3 Mechanical Properties of Gold Nanoparticle Films 

3.3.1 Mechanical Properties of Nanoparticle Films and Supercrystals – Current Status 

The mechanical properties of nanoparticle assemblies have been explored to much lesser 

extent than their optical and electronic properties. However, in order to enable various 

technological applications of nanoparticle assemblies, e.g., in flexible electronics, sensors, 

photovoltaics, and protective coatings, it is necessary to understand and, if required, to 

adjust their mechanical properties. Thus, motivated by academic curiosity and a variety of 

proposed applications, the mechanical properties of nanoparticle composites are currently 

attracting increasing scientific attention.81–84  

In several studies, the micromechanical properties of supercrystals and substrate-supported 

films of ligand-stabilized nanocrystals have been investigated using nanoindentation. For 

example, Podsiadlo et al. characterized the elastic moduli and hardnesses of self-assembled 

supercrystals and films from PbS, CdSe, and CoPt nanocrystals.85 Depending on the nano-

crystal size (~4 - 13 nm), the structure and composition of the capping ligands, and the 

degree of nanocrystal ordering, they reported elastic moduli ranging from ~0.2 to 6 GPa 

and hardnesses ranging from 10 to 450 MPa. In another study, Lee et al.86 performed 

nanoindentation experiments on electrophoretically deposited films of 3.2 nm sized CdSe 

nanocrystals capped with trioctylphosphine (TOP) and trioctylphosphineoxide (TOPO) 

ligands. Their experiments revealed elastic moduli of ~10 GPa. Liaqat et al. prepared 

multilayered films of titania nanoparticles (diameter: ~8 nm) cross-linked with a 3-

hydroxytyramine-substituted polymer.87 Nanoindentation experiments revealed an elastic 

modulus of ~17.5 GPa and a hardness of ~1.1 GPa. Furthermore, Gu et al. used thin-film 

buckling and nanoindentation experiments to study the mechanical properties of self-

assembled superlattices of polystyrene-grafted GNPs with core diameters of ~5 nm.88 

Depending on the polymer’s conformation, nanocrystal packing, superlattice dimensions, 

and the GNP volume fraction (3 - 20 %), they observed elastic moduli ranging from ~6 to 

19 GPa and hardnesses of ~120 to 170 MPa. 

In a series of studies, Pileni and coworkers investigated the mechanical properties of super-

crystals from ligand-stabilized Au, Ag, and Co nanocrystals using conventional nanoinden-

tation and AFM-based indentation techniques.89–97 They explored how variations of the 

assembly process, the size of the nanocrystals, their crystallinity and orientation, the size 

and composition of the ligands, and the chemical binding of the ligands to the nanocrystal 

cores influence the composites’ hardnesses and elastic moduli. For example, they observed 

that supercrystals from oleylamine-stabilized Ag nanocrystals are very soft, with elastic 

moduli in the low MPa range. When increasing the nanocrystal diameter from 4.0 to 8.0 

nm the elastic modulus increased from 3.1 to 150 MPa. Decreasing the interparticle 

distance between 5.5 nm sized Ag nanocrystals from 3.1 to 1.8 nm by using shorter amine 

ligands, increased the elastic modulus from 8.8. to 84.6 MPa.91 In another study, however, 
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they observed that the elastic moduli of precipitated supercrystals from dodecanethiol-

stabilized GNPs increased from 0.71 to 5.1 GPa with decreasing size of the GNP cores 

(from 8 to 5 nm). Overall, their findings demonstrate that, depending on the broad variety 

of different parameters, the elastic modulus of self-assembled supercrystals from ligand-

stabilized metal nanocrystals can vary between ~1 MPa and ~10 GPa.89 

In widely used nanoindentation experiments the sample thickness should be at least ~10 

times the indentation depth. This requirement ensures that interferences from the 

underlying substrate can be neglected. However, nanoparticle assemblies are often formed 

as thin films with thicknesses of only ~100 nm, or below. Hence, with such thin samples it 

is difficult to meet this requirement. To solve this problem, Pileni and coworkers deposited 

multilayered nanoparticle films onto substrates with micrometer-sized circular apertures.94 

AFM indentation experiments were then performed on the freestanding part of the 

nanoparticle film and the elastic properties were evaluated using a plate model. Similar 

studies have been performed by Jaeger and coworkers98,99 and Cheng and coworkers100, 

who investigated the elasticity of freestanding monolayers from nanoparticles of different 

core/ligand combinations. In their experiments the freestanding nanoparticle membranes 

were deflected using an AFM tip and the mechanical properties were determined from the 

measured force-deflection data. For example, the elastic modulus of membranes consisting 

of dodecanethiol-capped GNPs with a core diameter of 6 nm was on the order of several 

GPa.98 Similar results were also obtained for somewhat larger Fe/Fe3O4 and CoO 

nanoparticles capped with oleylamine and oleic acid ligands, respectively.99 However, due 

to the broad scattering of experimental data a precise determination of the elastic modulus 

was impossible. Nevertheless, the trends observed for averaged data suggest that the elastic 

responses of nanoparticle membranes are set by the chemical nature of ligand-binding to 

the nanoparticle cores as well as noncovalent ligand-ligand interactions between 

neighboring nanoparticles.99 

In another series of studies, Tsukruk and coworkers used microbulge tests to characterize 

the mechanical properties of polyelectrolyte/GNP composites and other nanoma-

terials.101-105 For this purpose, the films were transferred onto substrates featuring circular 

apertures with diameters of up to several hundred micrometer. The elastic modulus of 

obtained circular membranes was then determined by applying an adjustable overpressure 

on one side of the substrate and measuring the membranes’ deflection as a function of the 

applied pressure using an interferometer. In one study, the team investigated layer-by-layer 

fabricated films consisting of a central layer of ~13 nm sized GNPs, which was sandwiched 

between layers of polyelectrolytes (total thickness: 55 nm).102 The microbulge experiments 

revealed elastic moduli between 5.7 to 9.6 GPa. For comparison, the elastic modulus of the 

pure polyelectrolyte membrane was only 1.5 GPa. Hence, the inclusion of the central GNP 

layer significantly enhanced the membrane’s stiffness, although the GNP filling fraction 

was only 3.9 %. In addition, bulge experiments have been used to determine the ultimate 

strength and strain of membranes by increasing the applied pressure until the membrane 

was broken. In the case of the polyelectrolyte/GNP films, such measurements revealed an 

ultimate strength of about 40 - 100 MPa and an ultimate strain of 1 to 2 %. As described in 

more detail below, we used microbulge tests in combination with AFM measurements to 
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study the elastic and viscoelastic properties of ,-alkanedithiol cross-linked GNP films 

(Appendix A14.01106, A19.0318) and titania nanoparticle composites (Appendix 

A19.01107). 

Finally, some researchers used spectroscopic methods and specialized equipment to study 

the mechanical properties of nanocrystal assemblies and superlattices. Banerjee et al. used 

Raman microprobe analysis to study elastic strain and fracture in electrophoretically 

deposited films of CdSe nanocrystals (3.2 nm core size).108 The study revealed a biaxial 

modulus of ~13.8 GPa. Assuming a homogeneous isotropic material with a Poisson ratio 

of 0.33, this value corresponds to an elastic modulus of ~9.1 GPa. In another study, 

Podsiadlo et al. investigated the high-pressure stability and elasticity of supercrystals 

assembled from ligand-stabilized PbS nanocrystals (~7 nm core diameter).109 In their 

experiments, the sample was placed into a diamond anvil cell and subjected to high quasi-

hydrostatic pressure (up to ~55 GPa). Pressure-induced structural changes were observed 

using a combination of small angel x-ray scattering (SAXS) and x-ray diffraction (XRD). 

These experiments revealed an fcc superlattice structure with pressure-induced ordering, 

pronounced crystallographic orientation of the nanocrystals, and high stability and 

elasticity, even at very high pressure. The bulk modulus of the supercrystals was ~5 GPa 

for compression and ~14.5 GPa for decompression. For a homogenous isotropic material 

with a Poisson ratio of 0.33, these values correspond to roughly the same values for the 

elastic modulus. In a similar experimental study, Fan and coworkers reported a stress-

induced phase transformation of dodecanethiol-stabilized GNPs (~5 nm core size).110 First, 

a gradual increase of pressure to 8.9 GPa induced a reversible compression of the fcc 

superlattice dimensions. Further increasing the pressure, resulted in the oriented co-

alescence of nanocrystals and, thereby, the formation of gold nanowires. In a subsequent 

study, the same group reported similar findings for supercrystals from ligand-stabilized Ag 

nanocrystals.111  

The above-discussed results show, that depending on a complex interplay of multiple para-

meters the elastic modulus of assemblies from ligand-stabilized nanoparticles varies in a 

range from ~1 MPa to ~20 GPa. Similarly, a broad variation of the materials’ hardnesses 

has been observed, ranging from ~10 MPa to ~1 GPa. Recently, several studies 

demonstrated that thermal annealing can dramatically enhance the mechanical properties 

of supercrystalline materials from ligand-stabilized iron oxide nanoparticles.112–117 For 

example, Dreyer et al. studied supercrystalline assemblies of 16 nm sized iron oxide 

nanoparticles stabilized with oleic acid.117 They showed that thermal annealing of the 

material at 350 °C increased the elastic modulus to ~60 or ~80 GPa, depending on whether 

the material was characterized by nanoindentation or microcompression. At the same time, 

the hardness and ultimate strength increased to ~4 GPa and ~630 MPa, respectively. Using 

XPS-analysis and ultrahigh vacuum infrared reflection absorption spectroscopy (UHV-

IRRAS), the achieved enhancement in the mechanical properties was attributed to 

thermally induced cross-linking of the ligand matrix, involving the C-C double bonds of 

the oleic acid residues. Noteworthy, the mechanical properties of these cross-linked 

supercrystalline materials resemble those of hard biominerals. Hence, such annealed 
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organic/ceramic nanocomposites may find applications as high-performance materials with 

adjustable mechanical properties. 

 
Figure 3.3.1 a) Spherical cap model for a bulged membrane, indicating the radius of curvature Rc, 

the arclength s, and the radius of the substrate’s aperture a. b) Topographic AFM image of a 1,8-

octanedithiol cross-linked GNP membrane (44 nm membrane thickness, 3.4 nm GNP core 

diameter). The applied pressure difference was ~0.7 kPa. c) AFM scans traversing the bulge’s apex. 

The pressure was increased in steps of ~0.1 kPa from ~0.3 to 1.6 kPa (bottom to top). The dashed 

orange lines are circular fits to the data providing the radius of curvature Rc for each line scan.  

d) Radius of curvature Rc plotted as a function of applied pressure difference P. Reprinted with 

permission from Ref. 18: Tuning the Elasticity of Cross-Linked Gold Nanoparticle Assemblies,  

H. Schlicke et al., J. Phys. Chem. C 2019, 123, 19165. Copyright 2019 American Chemical Society. 

(DOI: 10.1021/acs.jpcc.9b03553) 

3.3.2 Elastic and Viscoelastic Properties of Cross-Linked Gold Nanoparticle Films 

Microbulge tests are an interesting method to characterize the elastic and viscoelastic 

properties of thin membranes. In contrast to nanoindentation experiments or AFM force-

deflection measurements, in which a point load displaces the membrane, the applied 

pressure difference produces a spherical cap in which the membrane is strained uniformly, 

as schematically indicated in Figure 3.3.1a. Hence, the mechanical properties of the mem-

brane are sampled over significantly larger areas than in locally confined nanoindentation 

or AFM force-deflection measurements.  

In a typical bulge test, the geometric changes of the bulge (e.g., maximum height, arc 

length, radius of curvature) are measured as a function of the applied pressure difference. 

The obtained data are used to extract the prestress and the biaxial modulus (or elastic 

https://doi.org/10.1021/acs.jpcc.9b03553
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modulus) of the membrane. As mentioned above, Tsukruk and coworkers used microbulge 

tests to explore the elastic properties of polyelectrolyte/GNP membranes.101,102 In their 

experiments an interferometer was used to measure the peak deflection of the membrane. 

Fitting a theoretical mechanical model of a circular elastic plate to the deflection-pressure 

data revealed the elastic modulus E and the prestress 0 of the membranes. In another 

approach, the group retrieved the stress-strain data from the measured pressure-deflection 

data and derived the elastic modulus E from the slope of linear curve fits.101  

Instead of using an interferometer to readout the pressure dependent deflection of the mem-

brane, some researchers combined bulge tests with AFM measurements.118–121 This 

approach has the advantage that the shape of the bulge is measured with the high-resolution 

imaging capability of the AFM. In addition, AFM measurements do not depend on the 

membrane’s optical properties. As described in the following sections, we used AFM bulge 

tests to study the elastic and viscoelastic properties of membranes which were prepared by 

cross-linking GNPs (3 - 4 nm core size) with differently long ,-alkanedithiols (Appendix 

A14.01106, A19.0318). Figure 3.3.1b shows an exemplary AFM image of a 1,8-octanedithiol 

cross-linked GNP membrane that was bulged by applying a pressure difference of ~0.7 

kPa.18  

To determine the biaxial stress  experienced by a bulged membrane, the model of a thin-

walled spherical pressure vessel can be applied, according to Equation 3.16:122 

c

m2

PR

t
=          (3.16) 

Here, P is the applied pressure difference, Rc is the radius of curvature (cf. Figure 3.3.1a), 

and tm is the membrane’s thickness. The application of this equation requires tm << Rc, a 

condition that is met in all experiments described below. Rc can be determined by 

measuring the arc profile of the bulge and fitting circles to the experimental data. Figure 

3.3.1c shows exemplary AFM line scans traversing the apex of a bulged membrane 

consisting of 1,8-octanedithiol cross-linked GNPs (Appendix A19.0318). In this set of 

measurements, the pressure was increased from ~0.3 to ~1.6 kPa in steps of ~0.1 kPa. The 

dashed orange lines represent circular fits providing the radii of curvature Rc, which are 

plotted in Figure 3.3.1d as a function of the applied pressure difference. As seen, the bulge 

radius gradually decreases with increasing pressure.  

The biaxial strain  of the bulged membrane can be calculated by using the full arclength s 

of the bulge and the radius a (typically ~50 µm) of the substrate’s aperture (cf. Figure 

3.3.1a):18,107 

1
2

s

a
= −          (3.17) 

Here, the arc length s is calculated by inserting the values of Rc and a into Equation 3.18: 

c

c

2 arcsin
a

s R
R

 
=  

 
       (3.18) 
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Hence, after having determined the membrane’s stress  and strain  as functions of applied 

pressure, the obtained data can be plotted according to Equation 3.19: 

0Y= +            (3.19) 

According to this equation, the biaxial modulus Y and the membrane’s prestress 0 are 

determined as the slope and the ordinate’s intercept of linear curve fits to the stress-strain 

data, respectively. To translate the biaxial modulus Y into the elastic modulus E the 

following equation is used, where the Poisson’s ratio v needs to be known: 

( )1E Y= −          (3.20) 

In previous studies, the Poisson ratio v of composites from ligand-stabilized nanocrystals 

was assumed to be 0.33.85,99 For a monolayer membrane of ligand-stabilized GNPs a value 

of ~0.32 was determined experimentally.123 

 
Figure 3.3.2 a) Representative stress-strain plots of membranes consisting of ,-alkanedithiol 

cross-linked GNPs. Colored numbers represent the number of methylene units of the cross-linker. 

b) Plot of average biaxial modulus vs. the length of the cross-linker as the number of methylene 

units. Blue and red triangles represent average values, which refer to stress-strain data acquired in 

the loading or unloading direction, respectively. Each average value is based on tests with 4 - 6 

membranes, except for the data referring to 3 and 5 methylene units, where only 2 membranes were 

tested. The GNPs used for preparing the membranes had average core diameters ranging from 3.4 

to 4.0 nm. Adapted with permission from Ref. 18: Tuning the Elasticity of Cross-Linked Gold 

Nanoparticle Assemblies, H. Schlicke et al., J. Phys. Chem. C 2019, 123, 19165. Copyright 2019 

American Chemical Society. (DOI: 10.1021/acs.jpcc.9b03553) 

Figure 3.3.2a shows exemplary stress-strain curves of GNP membranes, which were cross-

linked with ,-alkanedithiols of different length, i.e., comprising 3 - 10 methylene units, 

as indicated by colored numbers (Appendix A19.0318). Since the prestress values 0 of the 

different membranes scattered significantly (-11 to 25 MPa), they were subtracted from the 

stress values  to allow for a better graphical comparison of the data. The linear curve fits 

clearly indicate a decreasing slope and, thus, a decreasing biaxial modulus Y with increasing 

length of the cross-linker. 

https://doi.org/10.1021/acs.jpcc.9b03553
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In order to quantify the observed decrease of the biaxial modulus with increasing cross-

linker length, numerous membranes were prepared and characterized by AFM bulge 

experiments. Figure 3.3.2b presents the biaxial modulus plotted vs. the number of 

methylene units of the cross-linker molecules. The data reveal a decrease in biaxial 

modulus from ~16 GPa for the short cross-linkers (3 or 4 methylene units) to ~5 GPa for 

the long cross-linkers (8 - 10 methylene units). Using Equation 3.20 and a Poisson ratio of 

0.33, these values correspond to elastic moduli of ~11 and ~3 GPa, respectively. Obviously, 

decreasing the fraction of soft organic material by using shorter cross-linker molecules 

significantly increases the membranes’ stiffness.  

As mentioned above, Jaeger and coworkers reported an average elastic modulus of ~4 GPa 

for a highly ordered monolayer of dodecanethiol-stabilized GNPs with a core diameter of 

5 nm.99 Interestingly, our GNP membranes cross-linked with the longer ,-alkanedithiols 

(8 - 10 methylene units) revealed a similar elastic modulus, although they were highly 

disordered and consisted of somewhat smaller GNPs. Furthermore, Gauvin et al. studied 

the mechanical properties of supercrystals from GNPs (~5 and ~7 nm core diameter) 

stabilized with dodecanethiol, tetradecanethiol, and hexadecanethiol.90 They reported 

elastic moduli ranging between ~60 MPa and ~1.5 GPa, depending on the ligand length 

and the assembly process. In contrast to our results, they observed that the elastic modulus 

increased with increasing length of the ligands and attributed this effect to more pronounced 

ligand interdigitation for the longer alkyl chains. The markedly higher elastic modulus 

observed for our ,-alkanedithiol cross-linked membranes is attributed to a lower organic 

volume fraction (especially for membranes with very short cross-linkers) and to the 

covalent cross-linking of GNPs, instead of non-covalent ligand-ligand interactions. In 

addition, it is to be noted that SAXS measurements indicated some degree of GNP 

aggregation for the GNP membranes cross-linked with 1,4-butanedithiol (cf. Figure 

3.1.2b). Hence, it is possible that the relatively high elastic moduli of membranes cross-

linked with 1,3-propanedithiol and 1,4-butanedithiol are to some extent caused by GNP 

aggregation. However, we also studied the mechanical properties of 1,4-benzenedithiol 

cross-linked GNP membranes, revealing an elastic modulus of ~9 GPa, which is similar to 

that of the 1,4-butanedithiol cross-linked GNP membranes. In the case of the 1,4-benzene-

dithiol cross-linked membranes, SAXS data did not indicate GNP aggregation (cf. Figure 

3.1.2b). Instead, the data suggested markedly larger interparticle distance than observed for 

the 1,4-butanedithiol cross-linker, even though both linker molecules have similar S-S 

distances.  

In addition to the elastic properties we also explored the viscoelastic behavior of a mem-

brane from 1,9-nonanedithiol cross-linked GNPs (~3.8 nm core size, Appendix A14.01106). 

Figure 3.3.3a shows the stress-strain data. Here, the data were acquired by cycling the 

applied pressure between 0 - 800 Pa, 0 - 1600 Pa, and 0 - 2400 Pa. Within the corresponding 

strain range from 0 - 0.12 % there was only little deviation between the loading (upward 

triangles) and unloading (downward triangles) measurements. However, when increasing 

the strain to ~0.22 % and ~0.33 % the loading and unloading data clearly show hysteresis 

due to the membrane’s viscoelastic behavior. The curvature of the unloading curve suggests 

that the creep deformation was to some extent reversible. Further, the enclosed area of the 
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hysteresis loops revealed that ~10%, ~18%, and ~20% of the total mechanical energy was 

dissipated or stored during the three bulge tests. 

 
Figure 3.3.3 a) Stress-strain data acquired while applying three pressure cycles (0 - 800 Pa (green), 

0 - 1600 Pa (blue), 0 - 2400 Pa (red)) to a ∼41 nm thick membrane of 1,9-nonanedithiol cross-

linked GNPs (~3.8 nm core diameter). Orientation of the triangles indicate the loading (up) and 

unloading (down) direction. b) Creep experiment probing another ~41 nm thick 1,9-nonanedithiol 

cross-linked GNP membrane at a constant pressure of 2 kPa. The blue circles represent the 

approximated biaxial strain, while the red diamonds denote stress data. A fit of Equation 3.21 to 

the strain data is shown as black solid line. Reprinted with permission from Ref. 106: Elastic and 

Viscoelastic Properties of Cross-Linked Gold Nanoparticles Probed by AFM Bulge Tests,  

H. Schlicke et al., J. Phys. Chem. C 2014, 118, 4386. Copyright 2014 American Chemical Society. 

(DOI: 10.1021/jp4091969) 

Figure 3.3.3b shows the results of a creep test in which the membrane was bulged by 

applying a constant pressure difference of 2 kPa, resulting in an initial stress of 8.2 MPa 

(Appendix A14.01106). Due to creep the bulge radius decreased during the experiment and, 

hence, the stress dropped to 7.6 MPa after almost 50 min (cf. Equation 3.16). In the 

beginning of the experiment, the membrane’s elastic response to the initial stress resulted 

in strain of ~0.2 %. During the course of the experiment the strain curve showed a steep 

increase during the first 90 s, corresponding to a creep rate of ~1.4×10-6 s-1. In the following 

minutes the creep rate decreased and leveled to an almost constant value (~6×10-8s-1) at the 

https://doi.org/10.1021/jp4091969
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end of the experiment. Such behavior can be evaluated using the four element model from 

viscoelastic theory, which combines purely elastic and viscous behavior with retarded 

elastic behavior, according to Equation 3.21:106  

( ) ( )( )1 exp /t A B t Ct = + − − +       (3.21) 

Here, A describes the purely elastic response, corresponding to the initial strain (0) = A = 

/Y. The saturation function describes retarded elastic behavior with the lifetime . 

The linear term in Equation 3.21 considers pure viscous creep, with C being related to the 

material’s extensional viscosity. As shown in Figure 3.3.3b the model provides a good fit 

to the (t) data, even though the stress of the membrane was not constant but decreased 

slightly (~7.7%) during the experiment. Using the averaged stress of 7.7 MPa, a biaxial 

modulus Y of ~3.8 GPa was retrieved from fit parameter A, which is somewhat lower than 

the averaged data displayed in Figure 3.3.2b for the 1,9-nonanedithiol cross-linked GNP 

membrane. The rate constant 1/ of retarded elastic behavior was on the order of 10-3 s-1 

and the fit parameter C, representing the rate of pure viscous creep was 10-7 s-1. In analogy 

to the creep behavior of polymers, the latter can be attributed to non-recoverable true flow, 

caused, e.g., by bond scission, bond interchange, and viscous flow. Accordingly, the 

retarded elastic behavior can be assigned to thermally activated, stress-dependent 

molecular rearrangements.106 

Finally, it is to note that the maximum pressure difference that can be applied to the 

membranes with the AFM bulge setup of this study, was limited to 10 kPa by the 

specifications of the built-in pressure sensors. However, some of the 1,9-nonanedithiol 

cross-linked GNP membranes were able to resist this pressure limit, which corresponds to 

a roughly estimated biaxial stress of ~30 MPa (Appendix A14.01106). Hence, this finding 

suggests that the 1,9-nonanedithiol cross-linked GNP membranes had an ultimate tensile 

strength similar to ~30 MPa, or higher. Extrapolating the stress-strain data shown in Figures 

3.3.3a, this stress value corresponds to an ultimate elongation of at least ~1.0 %. As 

mentioned above, Tsukruk and coworkers used bulge tests to study the micromechanical 

properties of polyelectrolyte/GNP membranes.101,102 They reported ultimate strengths of 40 

- 100 MPa and ultimate elongations of 0.8 - 2.0 %, depending on the membranes’ diameter 

and humidity conditions. Furthermore, Jaeger and coworkers studied the strength of highly 

ordered monolayers of dodecanethiol-stabilized GNPs, which were deposited onto flexible 

polydimethylsiloxane (PDMS) substrates.124 For monolayers from GNPs with core sizes of 

~5.2 nm they reported a fracture strength of ~11 MPa and a critical strain for fracture onset 

of 0.9 %. When increasing the core size of the GNPs to ~9.1 nm, the fracture strength 

increased to ~15 MPa. For multilayered films, consisting of the larger GNPs, a gradual 

decrease in fracture strength with increasing number of GNP layers was observed. For 

example, a film consisting of 7 stacked GNP monolayers had a fracture strength of only 

~5 MPa. This decrease in fracture strength was attributed to slight differences in residual 

prestress of each added GNP monolayer.  
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3.4  Conclusions, Current Trends, and Future Challenges 

The purple color of colloidal solutions of spherical GNPs is due to an intense absorption 

band at ~520 nm originating from the excitation of the LSPR. This optical signature is well-

described by the Mie theory developed in the early 20th century. Mie theory also describes 

the LSPR shift caused by variations of permittivity in the GNP’s direct environment. 

Further, different numerical methods have been developed within the past two decades 

allowing to predict the optical features of GNPs with complex shapes. The redshift of the 

LSPR band, which is observed when GNPs are deposited within a dielectric matrix as thin 

films, can be described in good agreement with experimental findings by the effective 

medium approach, which was originally developed by Maxwell-Garnett in the early 20th 

century. 

In numerous own studies, we utilized the UV/vis absorption signature of GNPs to follow 

their stepwise deposition as cross-linked films (cf. Chapter 2, Figure 2.3.1; Appendix 

A02.01125, A02.02126, A04.0148, A04.0425, A08.0177, A11.0157) and to study their colloidal 

stability (cf. Chapter 2, Figure 2.2.1; Appendix A13.01127, A13.0210, A16.04128, A16.05129). 

In addition, the LSPR shift induced by changes of the GNPs’ dielectric environment was 

used to observe ligand exchange reactions at the particles’ surface (cf. Figure 3.1.1a; 

Appendix A13.0210). Furthermore, in the case of cross-linked GNP films, the LSPR redshift 

served to confirm successful tuning of interparticle distances by varying the cross-linkers’ 

size (cf. Figure 3.1.2a; Appendix A03.0247, A19.0318) and to study the effect of the cross-

linkers’ molecular structure on the electronic interaction between GNPs (Appendix 

A04.0425).  

Other researchers utilized the dependency of the LSPR signature on the local environment 

for optical signal transduction in sensing applications. Prominent examples include the shift 

of the LSPR band induced by aggregation of GNPs or by permittivity changes in the GNPs’ 

environment.14,130–134 However, various optical features arising from plasmonic coupling 

between GNPs, or from plasmonic interactions with materials in close proximity to the 

GNPs’ surface, are still only vaguely understood. For example, the collective plasmonic 

modes, which are observed when GNPs are arranged in certain geometric patterns or as 

highly ordered extended 2D and 3D arrays, are a fascinating topic of ongoing research 

activities.9,30,31,135,136 Other current research activities address the fluorescence of GNPs and 

its quenching for applications in chemical sensing.137,138 Also, the well-known SERS effect 

with its dependency on distance and geometric features, as well as fluorescence 

enhancement and quenching of chromophores in proximity to GNPs, are currently being 

studied with respect to highly sensitive chemical sensing.11,139–144 Hence, it is likely that 

the versatile optical properties of GNPs will enable the development of advanced 

commercial test kits and analytical assays within the next several years. 

The charge transport in assemblies of ligand-stabilized or cross-linked GNPs proceeds via 

a thermally activated mechanism involving single electron charging events and tunneling 

of charge carriers. The original model for this mechanism was developed in the 1960s and 

70s to interpret the charge transport in granular metal films, which were prepared via 

physical vapor deposition or sputtering.39,40 With the advancement of protocols for wet-
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chemical syntheses of ligand-stabilized noble metal nanoparticles in the 1990s, it became 

possible to precisely adjust the particles’ core size, the interparticle distance, and to vary 

the molecular structure of ligands and linker molecules between neighboring particle cores. 

Hence, within the following decades numerous charge transport studies provided a wealth 

of detailed data.41 In order to explain the observed metal-insulator transitions, the 

temperature-dependent shape of current-voltage characteristics, and the transition from 

non-Arrhenius to Arrhenius behavior, a variety of theoretical models have been applied, 

which often provided good agreement with experimental findings. 

In own studies, we investigated the charge transport properties of GNP films which were 

cross-linked with ,-alkanedithiols (Appendix A03.0247, A04.0256, A11.0157, A19.0318), 

amino-functionalized dendrimers (Appendix A04.0148), as well as conjugated and non-

conjugated dithiols and dithiocarbamates (Appendix A04.0425). In general agreement with 

other studies, all films showed ohmic conductivity within the low bias range. Studies on 

,-alkanedithiol cross-linked films revealed tunneling decay constants of ~0.65 and ~1.05 

per methylene unit for films prepared via layer-by-layer self-assembly or layer-by-layer 

spin-coating, respectively. The latter value corresponds to a distance related decay constant 

of ~1.15 Å-1. This value is comparable to data reported in other charge transport studies on 

self-assembled monolayers of ,-alkanedithiols78 and non-interlinked films from 

alkanethiol-stabilized GNPs.53,54 For the GNP films which were cross-linked with 

conjugated dithiols and bis-dithiocarbamtes, the conjugated parts of the molecules did not 

contribute to the decay of the electron wave function. Counting only the number of non-

conjugated bonds returned a decay constant of 0.99 per methylene unit, which falls into the 

range of decay constants observed for the ,-alkanedithiol cross-linked GNP films.  

Within the temperature range of 100 - 300 K, the ,-alkanedithiol and dendrimer cross-

linked films followed an Arrhenius-type activation of charge transport (Appendix 

A03.0247, A19.0318, A04.0148). As suggested by the electrostatic model (cf. Equation 3.15) 

the activation energies increased with increasing size of the cross-linker and, hence, with 

increasing interparticle distances. For some films the charging energies according to 

Equation 3.15 showed remarkable agreement with the experimental values. However, for 

other films the theoretical and experimental values deviated considerably. Further, most 

GNP films which were cross-linked with the conjugated linker molecules showed a ther-

mally activated charge transport (Appendix A04.0425). In contrast, the film cross-linked 

with a fully conjugated bis-dithiocarbamate exhibited metallic behavior (TCR > 0). This 

remarkable finding highlights the possibility to drastically change the charge transport 

character of GNP films via appropriate design of the cross-linking molecules.  

While general trends observed in charge transport studies are qualitatively understood and 

well reproduced by existing models, it remains challenging to predict the charge transport 

behavior of films in which the metal nanoparticles are stabilized or cross-linked with 

particular organic molecules. Such predictions require knowledge on the molecules’ 

transmission function and the electronic coupling of the GNPs’ energy levels with the 

molecular orbital levels. Hence, the development of advanced charge transport models for 

GNP assemblies can benefit significantly from current experimental and theoretical studies 
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into molecular electronics.145–147 Furthermore, extended nanoparticle arrays are very 

complex systems which are difficult to handle from a theoretical point of view, due to the 

huge number of involved atoms, inherent structural disorder, and randomly distributed 

background charges. Thus, simplifying the system by reducing its dimension to only a few 

interacting nanoparticles can probably enable a more quantitative comparability between 

theory and experimental findings.148 Such reduced systems are probably also useful to 

improve our understanding of charge transport perturbation in metal nanoparticle 

assemblies by external electric and magnetic fields149–153, plasmonic excitation46,154–158, 

strain159, and sorption of ions and molecules.13,160–162  

For many envisioned applications of GNP-based nanocomposites, such as components in 

flexible electronics and sensors, it is important to understand and to control their 

mechanical properties. Hence, the mechanical properties of 2D and 3D materials from 

ligand-stabilized GNPs, polymer-grafted GNPs, and polyelectrolyte/GNP composites have 

been studied by nanoindentation and AFM indentation89, AFM force-deflection 

measurements98,99, microbulge101,104,163 and buckling tests.88,124 Depending on a broad 

variety of experimental parameters, these studies revealed elastic moduli ranging from 

~1MPa to ~20 GPa. Additionally, hardnesses of 120 - 170 MPa, ultimate strengths of 40 - 

100 MPa, and ultimate strains of 1 - 2% have been reported. 

In own studies, we used AFM bulge tests to characterize the elastic and viscoelastic proper-

ties of ,-alkanedithiol cross-linked GNP membranes (Appendix A14.01106, A19.0318). 

Our results show that the elastic modulus of such membranes can be tuned from 3 to 11 GPa 

by decreasing the length of the linker molecules from 10 to 3 methylene units (Appendix 

A19.0318). In addition, we estimated the tensile strength of a 1,9-nonanedithiol cross-linked 

GNP membrane to be ~30 MPa (or higher) with an ultimate strain of at least ~1%. 

Furthermore, creep tests revealed that the mechanical response of these membranes is 

determined by elastic and viscous components, as well as retarded elastic behavior 

(Appendix A14.01106).  

In conclusion, the observed electrical and mechanical properties of ligand-stabilized and 

cross-linked GNP assemblies suggest that these materials are well suited for applications 

as highly sensitive electromechanical transducers. As indicated by microbulge testing, such 

composites can be prepared as freestanding membranes, resisting strains of at least 1 %. 

For GNP films in which the particles have a core diameter of 5 nm and an edge-to-edge 

distances of 1 nm, a strain of 1 % translates to an increase in interparticle distances of 

roughly 6 %. Considering Equations 3.14 and 3.15, and a tunneling decay constant of 1 Å-1, 

such increased particle distances should result in a ~100% increase of the initial resistance. 

In the following chapters of this treatise we will present potential applications of GNP films 

and membranes as resistive strain, pressure, and vapor sensors. 
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CHAPTER 4 

Gold Nanoparticle Films as Resistive Strain and Pressure Sensors 

This chapter is divided into three major sections: The first major section provides a short 

introduction to resistive strain gauges and explains the fundamental working principle of 

strain sensors based on thin films of metal nanoparticles (Section 4.1). This section also 

includes a summary of our own studies into GNP-based resistive strain sensors, including 

one study on possible applications as wearable healthcare sensors. The second section 

presents our studies into the electromechanical properties of freestanding GNP membranes 

and addresses their potential application as highly sensitive barometric pressure sensors 

(Section 4.2). Finally, the third section provides some major conclusions and addresses 

current trends and future challenges (Section 4.3). 

4.1  Gold Nanoparticle Films as Resistive Strain Sensors 

4.1.1 Introduction to Conventional Metal Foil and Semiconductor Strain Gauges  

Strain gauges convert the deformation of an object into an electrical output signal. The most 

commonly used strain gauges are resistive sensors, which are based on a patterned metallic 

foil bonded to a flexible substrate. They were independently invented by Simmons and 

Runge in 1936 and 1938, respectively.1 Currently, metal foil strain gauges are used in a 

broad variety of applications, including structural health monitoring, biomedical 

applications, and analysis of strain for engineering and research purposes.2 In a typical 

application, the strain gauge is glued onto the object of interest. Hence, when mechanical 

stress deforms the object the metal foil is strained, leading to a measurable change in the 

sensor’s resistance. Another type of widely used resistive strain sensors is based on the 

piezoresistive effect in semiconductors.1 This effect was predicted by Bardeen and 

Shockley in 1950 and the first silicon-based strain gauge was reported in 1957 by Mason 

and Thruston.3,4 These sensors are much more sensitive than metal foil strain gauges. Using 

standard lithographic processes, they can be integrated into silicon-based materials and, 

hence, they find wide-spread applications in microelectromechanical systems (MEMS) 

comprising various types of sensors, such as cantilever sensors, pressure sensors, accelero-

meters, and gyroscopes.1 

The sensitivity of a resistive strain gauge is defined by its gauge factor G.5 Since the strain 

gauge can be considered as a wire of length l, cross-section A, and resistivity , the resis-

tance R of the strain gauge is given by the following equation: 

l
R

A
=           (4.1) 

The change in resistance dR, which is caused by small changes in the wire’s dimensions 

due to applied strain, can be approximated using the exact differential of R given by 

Equation 4.2. 

 



CHAPTER 4 

114 
  

i i i

2

i i i

d d d d
l l

R l A
A A A

= − +


         (4.2) 

Here, the index i indicates the initial values. Hence, the relative change in resistance is 

obtained by dividing Equation 4.2 by the initial resistance Ri (cf. Equation 4.1): 

i i i i

d 1 1 1
d d d

R
l A

R l A
= − + 


       (4.3) 

Further, the relative change of the cross-sectional area is related to the relative change in 

length, as given by Equation 4.4: 

i i

d d
2

A l

A l
= −           (4.4) 

Here,  is the material’s Poisson ratio. Hence, from Equations 4.3 and 4.4 it follows: 

( )
i i i

d d d
1 2

R l

R l
= + +





        (4.5) 

The gauge factor G is defined as the ratio of the fractional change in resistance dR/Ri to the 

applied strain dl/li: 

( )i i

i i

d / d /
1 2

d / d /

R R
G

l l l l
= = + +

 
        (4.6) 

For small changes in l (i.e., l  dl) this equation can be approximated as: 

( )i i/ /
1 2

R R
G

 
= = + +

 


 
       (4.7) 

Here, R/Ri is the measured relative change in resistance in response to applied strain  = 

l/li. Hence, the gauge factor G of a strain gauge is given by the initial slope of the function 

R /Ri plotted vs. strain . 

In most metal foil strain gauges the geometric term (1+2) is between 1.4 and 2.0, cor-

responding to a Poisson ratio  of 0.2 to 0.5.1 Further, for metals the resistivity term 

(/i)/ is small, typically around 0.3.1 Hence, the gauge factor G of a typical metal foil 

strain gauge is ~2. However, for a semiconductor strain gauge, the resistivity term, i.e., the 

piezoresistive effect which is caused by crystal lattice distortion, can be 50 - 100 times 

larger than the geometric term. Thus, semiconductor strain gauges are much more sensitive 

than metal-foil strain gauges. For example, the gauge factor of typical silicon-based strain 

gauges can take values in the range ~100 to 200.1,5  
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4.1.2 Gold Nanoparticle-Based Strain Sensors 

Due to their low-cost fabrication, robustness, sensitivity, and simple resistive signal trans-

duction, the above-discussed metal foil and semiconductor strain gauges are used in 

numerous applications. However, during the past decade, the development of flexible and 

wearable electronics has emerged as a prosperous interdisciplinary field in science and 

technology.6–8 Here, highly flexible sensors which can be integrated into textiles or attached 

conformally onto the human skin are needed to monitor physiological conditions, to track 

sports activities, collect data for medical diagnosis, or to detect hazardous materials in the 

direct personal environment.9–11 Further applications of such sensors include soft robotics 

and smart prosthetics, advanced interactive gaming and virtual reality equipment, as well 

as various internet-of-things (IoT) devices.12,13 In this context, the development of soft 

strain sensors with application specific stretchability and sensitivity is currently receiving 

significant attention. Examples for typical strain sensing applications include respiration 

and pulse wave monitoring, joint motion detection, as well as the detection of facial 

expressions and laryngeal movement during speaking.2,14,15 Obviously, rather rigid metal-

foils and brittle semiconductors are not appropriate for the design of strain sensors requiring 

conformal flexibility, stretchability, and adjustable sensitivity. Instead, a number of novel 

nanocomposites, comprising various 0D-, 1D-, and 2D-nanomaterials have been explored 

regarding their applicability as suitable strain transducers.15–19 Among these materials, thin 

films of ligand-stabilized and cross-linked silver and gold nanoparticles are highly 

promising candidates.20–22 Using such nanoparticle films, skin mounted strain sensors for 

motion detection, pulse wave sensing (Appendix A18.0123), facial expression and laryngeal 

movement monitoring have been demonstrated.24–30 

The first resistive strain gauges based on thin films of ligand-stabilized GNPs were reported 

by Herrmann et al. in 2007.31 In that work, the GNP films were fabricated by depositing 4-

nitrothiophenol-stabilized GNPs with a core diameter of 18 nm onto ink-jet transparencies 

via air-brush technique. The experimentally determined gauge factors of these films varied 

between ~50 and ~200. Thus, the sensitivity was comparable to that of typical 

semiconductor strain gauges.  

As discussed above, the gauge factor defines the sensitivity of a resistive strain sensor ac-

cording to Equation 4.7. In the following, we derive an equation to simulate the response 

curves of a metal nanoparticle-based strain gauge. The initial slope of this curve provides 

the gauge factor within the limit of small strain. According to Equation 3.14 (cf. Chapter 

3) the relative change in resistance of a metal nanoparticle strain gauge is given by the 

following equation: 

( ) ( )A B

i

exp exp / 1
R

E k T
R

 


=    −       (4.8) 

Here,  is the change in the interparticle distance, EA is the change in the activation 

energy, kB is the Boltzmann constant, and T is the absolute temperature. According to 

Equation 3.15 (cf. Chapter 3) EA is given by Equation 4.9. 
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Here, e is the elementary charge, 0 is the vacuum permittivity, r is the relative permittivity 

of the ligand matrix, i is the initial interparticle distance, and r is the core radius of the 

nanoparticles. 

As shown in Figure 4.1.1a the change in the interparticle distance  is related to the 

applied strain  : 

( )i

i

2
2

r
r


=   = +

+


   


      (4.10) 

Hence, combining Equations 4.8, 4.9, and 4.10 provides the relative change in resistance 

R/Ri as a function of the applied strain , i.e., the response curve of the strain gauge: 

( )( )
( )i

i B i i i

1 1
exp 2 exp 1

2

R a
r

R k T r r r
  

   

  
= +  − −    + + + +  

 (4.11) 

Figure 4.1.1b shows the respective response curve (red curve) for metal particles with a 

diameter of 18 nm. This simulation returns a gauge factor of G  200 (inset) within the 

limit of very small strain (-0.1% <   < 0.1%), in agreement with the gauge factors reported 

by Herrmann et al.31 By neglecting the change in activation energy, Equation 4.11 is 

simplified to Equation 4.12, which only considers the tunneling term:  

( )( )i

i

exp 2 1
R

r
R

  


= + −        (4.12) 

Using this equation, the dashed blue response curve (cf. Figure 4.1.1b) is obtained which 

deviates from the red curve (Equation 4.11) only marginally. This finding reveals that the 

sensitivity of films consisting of quite large metal nanoparticles is almost exclusively deter-

mined by strain-induced variations of the interparticle tunneling distances. The Coulomb 

charging energy of such large particles is rather small and, hence, the change in activation 

energy due to variations in interparticle distances can be neglected. For comparison, Figure 

4.1.1c presents the simulated response curves of a strain gauge consisting of 4 nm sized 

metal particles. Here, the deviation between the red curve (Equation 4.11) and the dashed 

blue curve (Equation 4.12) is more obvious, revealing that for smaller particles the change 

in activation energy contributes more significantly to the overall response. However, as 

seen in the inset of Figure 4.1.1c, this contribution remains negligible within the range of 

small strain (-0.1% <   < 0.1%). In addition, the smaller initial slope of the response curves 

reveals that the gauge factor (G  60) is significantly smaller than that of a strain gauge 

consisting of 18 nm sized metal nanoparticles (G  200).  
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Figure 4.1.1 a) Model of a resistive strain gauge consisting of a metal nanoparticle monolayer. 

Here, li is the initial length of the transducer, l is the extension in length due to applied strain  2r 

is the diameter of the nanoparticle cores, i is the initial interparticle distance, and  is the increase 

in the interparticle distance. The red lines in b) and c) are simulated response curves according to 

Equation 4.11. The diameters of the particles were assumed to be 18 nm (b) and 4 nm (c). Used 

values of parameters , i, 2r, and r, are indicated. Dashed blue curves are simulated response 

curves according to Equation 4.12. The insets show the curves within the limit of very small strain. 

The dashed black lines represent first order slope functions providing gauge factors G of ~200 and 

~60, respectively.  

The preceding discussion has shown that Equation 4.12 provides a useful approximation of 

Equation 4.11 within the limit of small strain. Hence, the gauge factor G of a GNP-based 

strain gauge can be approximated by the initial slope of Equation 4.12. 

( )i2G r  +         (4.13) 

This equation suggests a linear increase of the gauge factor with increasing GNP diameter 

2r.  
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4.1.3 Experimental Findings 

In general agreement with Equation 4.13, Sangeetha et al. observed a roughly linear 

correlation between the gauge factor and the particle diameter.32 In their study, the G value 

increased from ~10 to ~200 when increasing the GNP core diameter from ~5 to ~100 nm. 

However, assuming a typical tunneling decay constant of  = 10 nm-1, suggests that a strain 

gauge made from 100 nm sized GNPs should have a gauge factor of ~1000, much higher 

than the observed value of ~200. Sangeetha et al. attributed the observed smaller G values 

to a rather small tunneling decay constant (  = 2.1 nm-1) of the tris(2,4-dimethyl-5-sulfo-

natophenyl)phosphine ligands stabilizing the GNPs. Additionally, the authors explained 

that a size dependent variation of the GNPs’ ligand coverage and the GNP packing can alter 

the tunneling barrier and decrease the  value.  

In another study, Moreira et al. explored how the chemical nature of the organic ligands 

affects the transport properties and the sensitivity of GNP-based strain gauges.33 For 

different phosphine and thiol ligands they observed only small variations in sensitivities, 

although the ligands had very different structures. However, consistent with Equation 4.13, 

the most sensitive strain gauges featured the highest  values. 

Independent of the above-mentioned study of Herrmann et al.31, we explored the resistive 

responses of 1,9-nonanedithiol cross-linked GNP films to strain. Our work was published 

a few months after the publication of Herrmann et al. (Appendix A08.0234). In our study 

the GNPs (~4 nm core diameter) were deposited onto surface-oxidized low-density 

polyethylene (LDPE) substrates via layer-by-layer self-assembly. The resulting film 

thickness was ~50 nm. To characterize the resistive responses to strain, the films were 

equipped with gold electrodes using physical vapor deposition (PVD). Figure 4.1.2a shows 

a photograph of a GNP film deposited onto the LDPE substrate. The SEM image reveals a 

fairly homogeneous coating on the substrate and the TEM image clearly shows the films’ 

granular character. As shown in Figure 4.1.2b, the GNP film was strained ( ≤ 3 %) by 

bending the LDPE substrate and a linear response curve was observed. The slope of the 

response curves of several GNP films, which were prepared using the same protocol, 

revealed gauge factors between ~10 and ~20.  

According to Equation 4.13, and as indicated by the inset in Figure 4.1.1c, a strain gauge 

consisting of 4 nm sized GNPs should have a gauge factor of ~60, significantly higher than 

the observed values. In order to explain this deviation, it is to note that Equation 4.11 is 

based on a model assuming a GNP monolayer as transducing element (cf. Figure 4.1.1a). 

However, the measured film thickness of ~50 nm reveals that the films of our study had a 

multilayered 3D structure. Hence, straining these films most likely leads to rearrangements 

of the GNPs, resulting in a smaller effective increase in interparticle distances than 

suggested by the geometric expansion of the film in strain direction. Furthermore, the 

Poisson contraction can even lead to decreased distances between GNPs of neighboring 

layers. Supporting this interpretation, Farcau et al. reported that the gauge factor of GNP-

based strain transducers decreased with increasing film thickness.35 The GNPs used in their 

study had a diameter of ~18 nm. Strain gauges consisting of only one GNP monolayer had 

a gauge factor 135, only somewhat below the value calculated using Equation 4.13. 
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However, films with thicknesses corresponding to 3 and 4 stacked GNP layers, had gauge 

factors of only 72, and 59, respectively. To explain the lower sensitivity of the multilayered 

films, it was suggested that GNPs of the second layer can bridge neighboring GNPs of the 

first layer. Since the interlayer gaps are less affected by the applied strain, the overall 

variation in resistance is smaller than observed for a GNP monolayer. In addition, cross-

linking the GNPs with 1,9-nonandedithiol during the layer-by-layer self-assembly fabri-

cation can possibly decrease the gauge factor. As suggested by Lindsay and coworkers, 

charge transport can proceed along the alkylene backbone of ,-alkanedithiol mole-

cules.36 Hence, as long as the GNPs remain cross-linked, such transport mechanism would 

be less sensitive to strain than the charge transport of non-interlinked GNP films. 

 
Figure 4.1.2 a) Photograph of a 1,9-nonanedithiol cross-linked GNP film (GNP dimeter: ~4 nm) 

deposited onto a low-density polyethylene (LDPE) substrate (left). SEM image of the GNP film 

covering the LDPE substrate (middle). TEM image of the cross-linked film material (right).  

b) Resistive responses to strain measured in the direction of increasing strain (solid triangles) and 

in the opposite direction (open triangles). The dashed line is a fit to the data according to Equation 

4.11 and the solid line represents a slope function indicating a gauge factor G of ~20. c) Resistive 

responses to repeated strain-relaxation cycles. The applied strain was 1.5 %. Reproduced with 

permission from Ref. 34: Networked Gold-Nanoparticle Coatings on Polyethylene: Charge 

Transport and Strain Sensitivity, T. Vossmeyer et al., Adv. Funct. Mater. 2008, 18, 1611. © 2008 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (DOI: 10.1002/adfm.200701509) 

In order to estimate the effective increase in interparticle distances when straining the GNP 

film, Equation 4.11 was fitted to the experimental data. Setting the initial interparticle 

distance i to 0.8 nm suggests that  increased from 0 to 0.037 nm while increasing the 

applied strain from 0 to 3 % (Appendix A08.02).34 The graph of the fit function is shown 

as a dashed line in Figure 4.1.2b. For comparison, 0.037 nm corresponds to roughly one 

quarter of the length of a C-C bond. 

https://doi.org/10.1002/adfm.200701509
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Figure 4.1.3 a) Resistive responses of a 1,9-nonanedithiol cross-linked GNP film (GNP diameter: 

~4 nm) to strain. The GNP film was deposited onto a plasma-treated high-density polyethylene 

(HDPE) substrate. b) SEM images of the film at different magnifications. c) SEM images of the 

relaxed GNP film (left) and of the film under 3 % strain (right). Adapted with permission from Ref. 

37: Cross-Linked Gold Nanoparticles on Polyethylene: Resistive Responses to Tensile Strain and 

Vapors, N. Olichwer et al., ACS Appl. Mater. Interfaces 2012, 4, 6151. Copyright 2012 American 

Chemical Society. (DOI: 10.1021/am301780b) 

Finally, as presented in Figure 4.1.2c, the resistive responses to tensile strain were 

reversible and showed excellent repeatability. However, compressing the GNP film by 

more than 1 % led to resistive responses which were not completely reversible. This effect 

was attributed to dislocations produced when the shortening of the interparticle distances 

cannot be buffered by the organic material between the metal cores (Appendix A08.02).34  

In a subsequent study, we deposited GNPs (~4 nm and ~9 nm core diameter) via layer-by-

layer self-assembly onto plasma-oxidized high-density polyethylene (HDPE) substrates 

(Appendix A12.0137). Here, 1,9-nonanedithiol and pentaerythritol tetrakis(3-mercapto-

propionate) were used as cross-linkers. In general, the strain gauges fabricated from these 

films confirmed the results of our previous study. Again, the gauge factors were ~20, 

regardless of the cross-linker used for film preparation. Figure 4.1.3a shows a typical 

https://doi.org/10.1021/am301780b
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response curve of a 1,9-nonanedithiol cross-linked film consisting of ~4 nm sized GNPs. 

Unexpectedly, increasing the GNP size from ~4 nm to ~9 nm did not increase the gauge 

factor significantly. The SEM images shown in Figure 4.1.3b reveal a quite homogeneous 

coverage of the HDPE substrate on the micrometer scale. However, on the submicron scale, 

cracks and clustered particles are visible. Furthermore, the SEM images shown in Figure 

4.1.3c indicate that nano- and mircocracks are somewhat more pronounced under an 

applied strain of 3 %. Based on these findings, we suggested that the formation and opening 

of microcracks under applied strain may play an important role in the sensing mechanism. 

This hypothesis was corroborated by the observation that initially applied strain 

occasionally led to some minor irreversible increase in resistance, especially when the 

initial strain exceeded ~1.0 %. The effect was more pronounced for films consisting of the 

larger ~9 nm sized GNPs. When straining these films to more than 1.0 %, significant 

irreversible baseline drifts were observed. Note, according to Equation 4.10, the same 

applied strain causes a change in interparticle distances , which is twice as much for the 

films consisting of ~9 nm GNPs compared to the films consisting of ~4 nm GNPs. 

In this context, it is interesting to recall that the ultimate tensile strain of our ,-

alkanedithiol cross-linked GNP films was estimated to be ~1 %, or larger (cf. Chapter 3). 

For polyelectrolyte/GNP-based membranes, Tsukruk and coworkers reported ultimate 

elongations of 1 to 2 %.38,39 Further, Jaeger and coworkers reported a critical strain for 

fracture onset of 0.9 % for monolayers of dodecanethiol-stabilized GNPs.40 In conclusion, 

these data suggest that crack formation may play an important role in the sensing 

mechanism, especially when the transducers are strained above ~1 %. 

Other authors studied the effect of crack formation in nanomaterial’s based resistive strain 

transducers in more detail.9,15,18–21 For example, Lee et al. deposited silver nanoparticle 

(~29 nm diameter) ink onto lithographically patterned polydimethylsiloxane (PDMS) sub-

strates.41 Straining the PDMS substrate increased the resistance of prepared silver 

nanoparticle tracks. At the maximum strain of 20 % the gauge factor was 2.05. Based on 

SEM observations, the increase in resistance was attributed to crack formation. In another 

study, Oh and coworkers fabricated strain sensors by depositing ligand-stabilized silver 

nanoparticles (4 - 5 nm core diameter) onto polyethylene terephthalate (PET) foil.27 After 

exchanging the initial ligands for 1,2-ethanedithiol (EDT) and 3-mercaptopropionic acid 

(MPA), the gauge factors were 12.8 ± 8 and 23 ± 15, respectively, similar to the 

sensitivities observed in our studies (see above). In order to increase the gauge factor, 

cracks were intentionally formed by repeatedly straining the sensors to 2 %. After, this 

treatment the gauge factors increased to 60 ± 21 and 274 ± 33 for the EDT- and MPA-

modified films, respectively. In a more recent study, the same group fabricated optically 

transparent crack-based strain gauges by depositing mixtures of insulating zinc oxide and 

conductive indium tin oxide nanoparticles onto polyethylene terephthalate (PET) foil.25 

The sensors were lithographically patterned and reinforced using SU-8 polymer. Due to 

their cross-shaped design, these sensors were able to distinguish strain applied in different 

directions. Furthermore, due to the crack-based sensing mechanism and the SU-8 

reinforcement, gauge factors of up to ~2500 were achieved. In addition, the sensitivity 

could be tuned by varying the ratio of insulating to conductive nanoparticles. More recently, 
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Aslanidis et al. reported the fabrication of highly sensitive resistive crack-based strain sen-

sors.42 In their approach, a thin alumina film (thickness of 6 - 20 nm) was deposited onto a 

flexible polyimide substrate. Afterwards, a sparse conductive layer of platinum 

nanoparticles (~4 nm core diameter) was deposited onto the alumina film. Upon bending 

the polymer substrate, the alumina film cracked. Hence, percolation paths in the 

nanoparticle layer were disconnected and a significant increase in resistance was observed. 

Repeated strain-relaxation cycles revealed reversible response behavior. Further, the 

sensitivity of these sensors could be adjusted by varying the thickness of the alumina layer. 

Increasing the thickness from 6 nm to 20 nm resulted in increasing gauge factors from 775 

to 2795. For comparison, a reference sensor without the alumina layer had a gauge factor 

of 80. 

However, although several studies highlighted the achievement of extremely high gauge 

factors, it should be noted that many intended applications of resistive strain gauges do not 

require such high gauge factors. In general, strain sensors must have a sufficient sensitivity 

and, ideally, they should have a linear response curve within the dynamic range of interest. 

For many healthcare-related applications, strain sensors should also be soft and easily 

stretchable, i.e., their elastic modulus should be similar to that of skin, or even smaller. 

Recently, Boland evaluated 200 publications on strain sensitive nanocomposites and 

proposed a standardized method for reporting strain sensing performance.43 This method 

considers the gauge factor G (the initial slope of the response curve), the working factor W 

(the limit of absolute strain at which the fractional resistive response to strain is no longer 

linear), and the material’s elastic modulus E. Using limits set by standard commercial 

materials and the human body, Boland defined the benchmark for an “all-in-one” sensing 

material that covers the requirements of various healthcare applications, as G > 7, W > 1, 

and E < 300 kPa.  

4.1.4 Strain Sensors for Muscle Movement Detection and Pulse Wave Monitoring 

As mentioned above, soft nanomaterials-based strain sensors are well-suited for various 

healthcare applications. In own studies we explored the application of cross-linked GNP 

films as resistive strain sensors for muscle movement detection and pulse wave monitoring 

(Appendix A18.0123). The sensors were fabricated by depositing films of 1,9-nonanedithiol 

cross-linked GNPs (~4 and ~7 nm core sizes) onto glass substrates using our layer-by-layer 

spin-coating method. As described in Chapter 2 (cf. Figure 2.3.4), we transfer-printed these 

films onto polyimide (PI) foil which is commonly used as substrate for conventional metal 

foil strain gauges. After depositing gold electrodes onto the films via physical vapor 

deposition we studied their resistive responses to strain.  

As shown in Figure 4.1.4a, the response curves of the sensors are linear within the studied 

strain range of up to 1.2 %, similar to the GNP films deposited onto polyethylene (PE) 

substrates (cf. Figures 4.1.2b and 4.1.3a). The gauge factor of the sensor made from the 

smaller ~4 nm sized GNPs was ~14 and, thus, within the range of the previously studied 

strain gauges (~10 to ~20).  
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Figure 4.1.4 a) Resistive responses of 1,9-nonanedithiol cross-linked GNP films (GNP diameter: 

~4 nm and ~7 nm) to strain. Both films had a thickness of ~26 nm. The GNP films were transfer-

printed onto polyimide (PI) foil. For comparison, the black curve shows the response of a 

commercial metal foil strain gauge. Linear fits to the data are shown as red solid lines. The inset 

shows the resistive responses to tensile strain up to 1.2 %. b) Results of fatigue tests in which the 

strain sensors were subjected to 10.000 strain-relaxation cycles (0 to 0.34 % tensile strain). 

c) Monitoring of finger flexion using a GNP-based strain gauge (~4 nm GNP diameter). The sensor 

was attached to the forearm using double-sided sticky tape. The inset shows the sensor used in these 

experiments (scale bar: ∼2 cm). Adapted with permission from Ref. 23: Fabrication of Strain 

Gauges via Contact Printing: A Simple Route to Healthcare Sensors Based on Cross-Linked Gold 

Nanoparticles, B. Ketelsen et al., ACS Appl. Mater. Interfaces 2018, 10, 37374. Copyright 2018 

American Chemical Society. (DOI: 10.1021/acsami.8b12057) 

Further, in qualitative agreement with the model discussed above (cf. Equation 4.13), the 

sensors made from the larger ~7 nm sized GNPs had a higher sensitivity, as indicated by 

the higher gauge factor of ~26. Fatigue tests were done by straining the films 10.000 times 

from 0 to 0.34 %. As shown in Figure 4.1.4b, the sensor made from the smaller GNPs 

showed an irreversible increase in baseline resistance during the first ~1.000 straining 

https://doi.org/10.1021/acsami.8b12057
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cycles of ~5 % which was attributed to the formation of microcracks. After this initial 

increase, however, the baseline resistance as well as the strain response were remarkably 

stable. Further, the sensor made from the larger GNPs showed a very stable baseline 

without any significant initial baseline drift. Overall, these results highlight the robust 

performance of resistive strain gauges made from cross-linked GNP films on flexible 

polymer substrates. 

In order to test the strain gauges as sensors for monitoring muscle movements, they were 

attached to the skin using double sided sticky tape. Figure 4.1.4c shows an experiment in 

which a sensor made from ~4 nm sized GNPs was attached above the forearm muscle flexor 

digitorum to detect finger flexion. The sensor response trance clearly demonstrates that 

these types of strain gauges are well suited to detect the contraction and relaxation of 

muscles. 

PI foil is prevalently used as the substrate in conventional flexible electronics. However, 

PI is a rather stiff polymer with an elastic modulus in the range of 1 to 5 GPa. For many 

intended healthcare applications, flexible sensors have to be attached conformally to the 

skin. Furthermore, skin-mounted strain sensors, such as pulse wave sensors, should easily 

follow subtle deformations of the skin. Hence, such applications require very soft polymer 

substrates with mechanical properties similar to those of the human skin. The values 

reported for the elastic modulus of human skin strongly depend on the experimental 

parameters. Hence, they scatter over a very broad range (i.e., ~1 kPa to ~30 MPa).44,45 

However, as a rough estimate, these data suggest that the elastic modulus of thin skin-

mounted transducers should probably be ~1 MPa, or smaller. As mentioned above, Boland 

suggested that an ideal transducer for wearable healthcare applications should have an 

elastic modulus below 300 kPa.43 Considering these requirements, we fabricated pulse 

wave sensors by transfer printing cross-linked GNP films onto soft PDMS substrates with 

an elastic modulus of ~1 MPa.23  

 
Figure 4.1.5 Fabrication of an all-printed pulse wave sensor. a) A silicon substrate with dispenser-

printed interdigitated silver electrodes is covered with PDMS pre-polymer. b) After curing, the 

PDMS film is peeled off together with the silver electrodes. c) The PDMS film is pressed onto a 

film of cross-linked GNPs deposited onto a glass substrate. d) While applying a small amount of 

water to the PDMS/glass interface, the PDMS film is peeled off with the GNP film adhering to the 

PDMS surface. e) Schematic of the all-printed pulse wave sensor. Reprinted with permission from 

Ref. 23: Fabrication of Strain Gauges via Contact Printing: A Simple Route to Healthcare Sensors 

Based on Cross-Linked Gold Nanoparticles, B. Ketelsen et al., ACS Appl. Mater. Interfaces 2018, 

10, 37374. Copyright 2018 American Chemical Society. (DOI: 10.1021/acsami.8b12057) 

https://doi.org/10.1021/acsami.8b12057
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Major steps of the print process are depicted in Figure 4.1.5. First, interdigitated silver 

electrodes were printed onto a silicon substrate using dispenser printing. The electrodes 

were then covered with a PDMS pre-polymer (step a). After curing, the formed PDMS film 

was peeled off with the electrode structures (step b). Thereafter, the PDMS film was 

pressed onto a 1,9-nonanedithiol cross-linked GNP film (step c), which was prepared by 

depositing ~7 nm sized GNPs via layer-by-layer spin-coating onto a glass substrate. 

Finally, the PDMS film was peeled off with the GNP film adhering to the PDMS surface 

(steps d, e). In order to study the strain sensing performance, thin copper wires were 

attached to the electrode pads using silver paste. 

 
Figure 4.1.6 a) Photograph of an all-printed pulse wave sensor. The square-shaped 1,9-

nonanedithiol cross-linked GNP film had an edge length of ~5 mm. The core size of the GNPs used 

for film preparation was ~7 nm. The inset presents an optical micrograph revealing defects of the 

transferred GNP film, due to insufficient adhesion to the silver electrodes. b) Pulse wave signal 

with well-resolved details: percussion wave (PW), tidal wave (TW), dicrotic notch (DN), dicrotic 

wave (DW). The inset shows the sensor taped to the wrist of the test person. The thickness of the 

GNP film used in this experiment was ~40 nm. c) Pulse wave sequences recorded while the test 

person was resting and after exercise (15 squats), as indicated. The thickness of the GNP film used 

in this experiment was ~26 nm. Adapted with permission from Ref. 23: Fabrication of Strain 

Gauges via Contact Printing: A Simple Route to Healthcare Sensors Based on Cross-Linked Gold 

Nanoparticles, B. Ketelsen et al., ACS Appl. Mater. Interfaces 2018, 10, 37374. Copyright 2018 

American Chemical Society. (DOI: 10.1021/acsami.8b12057) 

The photograph of the pulse wave sensor presented in Figure 4.1.6a shows that the GNP 

film was successfully transferred onto the PDMS substrate with the embedded silver 

electrodes. However, a closer inspection using optical microscopy revealed some defects 

https://doi.org/10.1021/acsami.8b12057
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of the GNP film on the electrode fingers, indicating insufficient adhesion of the film to the 

electrodes’ surface. These defects resulted in an increased sheet resistance of the transferred 

GNP film, which was roughly three times higher than that of the initial film. Nevertheless, 

the contacts were robust enough to test the sensor’s performance. These measurements 

provided fairly linear strain-response curves with almost the same gauge factor (~25) as 

measured for the PI-supported GNP film (cf. Figure 4.1.4a).  

Figure 4.1.6b shows a pulse wave sensor taped onto the skin above the radial artery. The 

signal trace demonstrates the highly sensitive, fast and reversible response of the sensor 

and its ability to resolve diagnostically important details of the pulse wave (percussion 

wave (PW), tidal wave (TW), dicrotic notch (DN), dicrotic wave (DW)). Furthermore, the 

sensor could clearly detect changes of the pulse wave signature, as shown in Figure 4.1.6c. 

The displayed pulse waves were recorded while the test person was resting and after 

performing 15 squats. After the exercise, the recorded pulse waves revealed an increase of 

the pulse rate from ~75 to ~115 bpm, and a significant increase in the percussion wave 

amplitude due to the increased blood pressure. In conclusion, these findings demonstrate 

that the strain sensor developed in this study, which essentially consists of a thin cross-

linked GNP film contact-printed onto a PDMS substrate, is well suited for healthcare 

applications, such as pulse wave monitoring.  

Finally, it is noted that a few earlier studies demonstrated the application of GNP films as 

resistive strain sensors for pulse wave monitoring. Yi et al. prepared strain sensors by de-

positing granular gold films onto PET foil via PVD and demonstrated their application as 

pulse wave sensors.30 They also showed that the temperature coefficient of resistance 

(TCR) could be cancelled out by adjusting the films’ nanoscale structure. In another study, 

Oh and coworkers prepared resistive strain sensors by depositing mixtures of GNPs and 

CdSe nanoparticles onto photolithographically patterned PET foil.26 By adjusting the ratio 

of the nanoparticle mixture and by intentionally creating microcracks in the mixed 

nanoparticle layer, the gauge factor could be tuned from ~26 to ~1000. The authors also 

demonstrated that these strain sensors can be applied for limb motion detection and pulse 

wave monitoring. However, to the best of our knowledge, our study was the first 

demonstration of an all-printed pulse wave sensor consisting of a GNP film on a soft 

polymer substrate. More recently, Huang et al. presented a resistive pulse wave sensor 

based on a tetra(ethylene glycol) dithiol cross-linked GNP film.28 The GNPs used in that 

study had a diameter of ~25 nm and the film was prepared by repeatedly casting mixtures 

of the GNPs and the cross-linker onto the PI/PET substrate with lithographically pattered 

electrodes. Finally, the GNP film was covered with a silicon-based gel film. This strain 

gauge had a gauge factor of ~126 and could be used for recording well-resolved pulse wave 

patterns. In another recent study, Kuo and coworkers presented a resistive pulse wave 

sensor which was based on a GNP film sandwiched between two PDMS sheets.29 The 

performance of this sensor was very similar to that reported previously in our study 

(Appendix A18.0123). 
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4.2  Freestanding Gold Nanoparticle Membranes as Barometric Pressure Sensors  

The emerging fields of wearable electronics and IoT devices require the development of a 

broad variety of novel sensors. In this context, tactile pressure sensors are receiving 

significant attention.8,13,17,18,20,46–50 Besides tactile pressure sensors, there is considerable 

interest in barometric pressure sensors, which are currently used in automobiles and 

aerospace applications, weather stations, medical devices, smartphones, and other 

consumer electronics.51 For example, ultra-sensitive barometric pressure sensors are 

needed as altimeters in advanced navigation systems to detect altitude differences on the 

meter scale.52–54  

Typical barometric pressure sensors are silicon-based MEMS devices, which are fabricated 

using special lithographic processes. In the case of absolute pressure sensors, a deformable 

silicon diaphragm is sealing a vacuum cavity. Hence, a variation of the external pressure 

leads to the deformation of the diaphragm, which is measured by piezoresistive strain 

gauges.55–57 These strain gauges are usually integrated into the diaphragm using ion 

implantation. Such piezoresistive pressure sensors are very sensitive and can measure pres-

sure changes with sub-10 Pa resolution, which is equivalent to the detection of altitude 

variations below 1 m. However, the typical package size of such sensors is still in the 

millimeter range. For example, the BMP380 sensor from Bosch has total package 

dimensions of 2 × 2 × 0.75 mm3. Hence, current research efforts are focusing on further 

downsizing barometric pressure sensors, while at the same time improving their overall 

performance and simplifying their fabrication. In this context, several research groups 

started to explore the application of nanomaterials as functional components in barometric 

pressure sensors.57 

For example, Chen et al. fabricated a highly sensitive barometric pressure sensor by 

depositing a thin film of ~16 nm sized palladium nanoparticles onto a thin PET membrane 

sealing a cavity.58 Any difference between the atmospheric pressure and the internal cavity 

pressure bulged the membrane and caused a compression or expansion of the nanoparticle 

film. Thus, similar as in the case of the above-discussed GNP strain gauges, the change in 

pressure could be detected as a change of the film’s resistance. The pressure resolution of 

the sensor was ~0.5 Pa and the sensitivity was as high as 0.13 kPa-1 (1.3 × 10-2 mbar-1). 

Further, it was demonstrated that the sensor could be used as barometric altimeter to detect 

floor level changes in tower buildings. The signal/noise analysis suggested that the sensor 

could detect altitude variations of ~1 m. However, with a diameter of 5 mm, the PET 

membrane was rather large, making its integration into small mobile devices difficult.  

Several other authors reported the fabrication of barometric pressure sensors with resistive 

transducers made from graphene or carbon nanotubes.59–64 The sensitivities of these sensors 

were within the range of 10-6 - 10-4 mbar-1 and, hence, much lower than of the above-

discussed sensor of Chen et al.58 In another study, Lee et al. presented a flexible pressure 

sensor based on a PDMS diaphragm onto which meandering films of silver nanoparticles 

were deposited.41 Similar to the study of Chen et al.58, the nanoparticle films were used as 

resistive strain gauges to transduce the deflection of the membrane into electrical signals. 

When applying a pressure difference of up to 3 kPa a reversible increase in resistance was 
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observed. The sensitivity of this response could be adjusted by varying the thickness of the 

PDMS diaphragm. However, in this study, the sensitivity and resolution of the sensor were 

not characterized in detail. 

 
Figure 4.2.1 a) Schematic of a resistive pressure sensor based on a cross-linked freestanding GNP 

membrane sealing a cavity. Inset: TEM image of the 1,6-hexanedithiol cross-linked GNP mem-

brane (scale bar: 25 nm). The GNP diameter was ~3.5 nm, the membrane thickness was ~55 nm. 

b) Optical micrographs showing the GNP membrane under external pressure loading of 8 kPa (left), 

and -8 kPa (right). The in- and outward deflection of the membrane is observable by the reflected 

light of the non-centered microscope illumination. c) Pressure transients (red) and resistive 

responses of the sensor (blue). d) Transfer curve relating the applied external pressure to the relative 

resistance change. Dashed red line: estimated transfer function based on the sensor’s dimensions 

and geometry, the membrane’s elastic modulus, prestress, and a gauge factor G of 7. Reproduced 

from Ref. 65 with permission from the Royal Society of Chemistry. (DOI: 10.1039/c5nr06937h) 

In own works, we fabricated resistive pressure sensors by employing cross-linked GNP 

films as diaphragm and, at the same time, as resistive strain transducer (Appendix A16.0665, 

A20.0166). Figure 4.2.1a shows a schematic drawing of the studied pressure sensors. The 

sensor was fabricated by depositing a ~40 µm thick layer of SU-8 photoresist onto a silicon 

wafer. Using standard photolithography, a rectangular cavity (500 µm × 40 µm) was etched 

into the SU-8 layer and gold electrodes (distance: ~80 µm; width: ~300 µm) were deposited 

https://pubs.rsc.org/en/content/articlelanding/2016/nr/c5nr06937h
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along the long sides of the cavity. As described in Chapter 2, a 1,6-hexanedithiol cross-

linked GNP membrane (thickness: ~55 nm; GNP core size: ~3.5 nm) was transferred onto 

the SU-8 layer to cover the cavity. 

The initial resistance of the membrane was 259 k, corresponding to a sheet resistance of 

~0.95 M. Due to the high resistance, the power dissipation in these films is significantly 

lower compared to conventional metal foil strain sensors. As shown in the micrographs of 

Figure 4.2.1b, varying the external pressure bulged the freestanding membrane. Figure 

4.2.1c shows the relative resistive responses (blue line) of the sensor to transient pressure 

fluctuations (red line). Due to the membrane’s elastic character (cf. Chapter 3, Appendix 

A14.0167, A19.0368), these responses followed instantaneously and reversibly the pressure 

transients. Note, the sensor responded to negative and positive differential pressure with an 

increase in resistance (up to ~0.7% at 8 kPa) as the strain experienced by the membrane 

does not depend on the bulging direction. Further, the transients reveal an increase in 

resistance of ~0.1 to 0.2 % to pressure changes of ± 2 kPa.  

Figure 4.2.1d presents the transfer curve of the sensor, which was obtained by repeatedly 

sweeping the external pressure within the range of ±8 kPa and monitoring the change in 

resistance. The slight offset of the curve’s minimum was attributed to a slight difference 

between the initial internal cavity pressure and the external ambient pressure. The dashed 

red curve represents an estimated transfer function, which was calculated using the model 

of a cylindrical bulge.69 According to this model, the height of the bulged membrane can 

be calculated as a function of the applied pressure by taking into account the biaxial 

modulus the membrane (Y = 8.9 GPa, as determined by AFM bulge experiments, see 

Chapter 3, Appendix A14.0167, A19.0368) and the geometric parameters of the cavity. 

Further, the membrane’s strain was calculated by considering the width and the height of 

the bulged membrane. Assuming a membrane prestress of 6 MPa, a gauge factor of G = 7 

(and taking into account the ratio of the cavity width to electrode distance) provided the 

calculated transfer curve in agreement with the experimental data (Appendix 16.0665, 

Electronic Supplementary Information). Note, according to this data evaluation the gauge 

factor of the freestanding GNP membrane was assumed to be somewhat lower than that of 

the 1,9-nonanedithiol cross-linked GNP films on LDPE, HDPE and PI substrates (G values 

between ~10 to ~20 for films from GNPs with ~4 nm core size23,34,37). Possibly, this finding 

is due to the shorter 1,6-hexanedithiol cross-linker and the somewhat smaller GNPs (~3.5 

nm) used to prepare the freestanding nanoparticle membrane (cf. Equation 4.13). However, 

it is to note that the data were not corrected for parasitic currents through the substrate-

supported sections of the GNP film, bypassing the cavity. As shown below, such parasitic 

currents can significantly reduce the gauge factor. Nevertheless, the slope of the transfer 

curve indicates a pressure sensitivity of ~10-4 mbar-1, which is significantly higher than, or 

comparable to, previously reported sensitivities of barometric pressure sensors based on 

graphene and carbon nanotubes.59–64  

An obvious drawback of the above-described pressure sensor is its inability to discern the 

direction of a detected pressure change. However, this problem can be solved by 

implementing additional means providing information on whether the actual membrane 
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deflection is concave or convex. Another problem is the gas permeability of the GNP 

membrane. Within a period of ~10 min the diffusion of gas molecules through the 

membrane caused a significant drop of the sensor signal due to equalization of the cavity 

pressure and the external pressure. This problem can most likely be solved by adding a 

diffusion barrier to the GNP membrane, such as a layer of 2D nanomaterials, or by 

depositing the GNP membrane onto a thin polymer diaphragm, similar to the sensor design 

reported by Chen et al. (see above).58 

 
Figure 4.2.2 a) Schematic of a GNP membrane deposited onto a silicon substrate with slit aperture 

and electrode structures. An AFM cantilever scans the topography of the bulged GNP membrane. 

b) SEM image of the 1,9-nonanedithiol cross-linked GNP membrane (scale bar: 100 nm). The size 

of the GNPs was ~7 nm. c) SEM image of a silicon substrate with slit aperture and electrodes (scale 

bar: 80 µm). d) Optical micrograph of a GNP membrane deposited onto the substrate with slit 

aperture. A false-color AFM topography map is shown as overlay on the suspended GNP membrane 

(scale bar: 100 µm). e) Transfer curve of a differential pressure sensor based on a GNP membrane 

(upper part) and its derivative (lower part). The thickness of the GNP membrane was ~40 nm. The 

insets illustrate the pressure-induced deformation of the GNP membrane. f) Transfer curve of a 

differential pressure sensor (upper part) and its derivative (lower part). The GNP membrane 

(thickness: ~60 nm) of this sensor was covered with an additional PMMA layer (thickness: ~400 

nm). The dark and light dots and lines refer to data acquired in the direction of ascending and 

descending absolute pressure, respectively. Reproduced under a Creative Commons Attribution 4.0 

International License from Ref. 66: Cross-Linked Gold Nanoparticle Composite Membranes as 

Highly Sensitive Pressure Sensors, H. Schlicke et al., Adv. Funct. Mater. 2020, 30, 2003381. © The 

authors 2020. (DOI: 10.1002/adfm.202003381) 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adfm.202003381
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In order to explore the potential application of cross-linked GNP membranes as resistive 

pressure sensors in more detail, we studied their electromechanical properties by combining 

AFM bulge tests with charge transport measurements (Appendix A20.0166). Figure 4.2.2a 

illustrates the experimental setup. First, 1,9-nonanedithiol cross-linked GNP films were 

prepared on glass substrates using our layer-by-layer spin coating method (see Chapter 2). 

The average core size of used GNPs was ~7 nm and the thickness of prepared GNP films 

was between ~40 nm and ~70 nm. The SEM image presented in Figure 4.2.2b clearly shows 

individual GNPs forming a structure with locally ordered regions.  

As described in Chapter 2, the GNP films were detached from their initial glass substrates 

and transferred via a flotation process onto silicon substrates featuring slit apertures 

equipped with gold electrodes. Figure 4.2.2c shows an SEM image of such slit aperture and 

the electrodes. The optical micrograph presented in Figure 4.2.2d shows the transferred 

GNP membrane spanning the aperture. An AFM topography map is shown as an overlay 

image in the middle of the aperture.  

Figure 4.2.2e shows the characteristic response curve of a differential pressure sensor 

comprising a ~40 nm thick GNP membrane. A slight hysteresis is indicated by the dif-

ference between the data acquired in the direction of ascending and descending absolute 

pressure (dark and light blue dots, respectively). Together with the viscoelastic properties 

of cross-linked GNP membranes, this behavior is attributed to retarded relaxation of the 

membrane when decreasing the pressure (cf. Chapter 3, Appendix A14.0167). Overall, the 

shape of the curve resembles the characteristic response curve of the pressure sensor 

discussed above (cf. Figure 4.2.1d). However, the much steeper slope reveals a significantly 

higher sensitivity. For example, a pressure load of 6 kPa increased the resistance of the 

GNP membrane by ~6 %. As shown by the derivative in the lower part of Figure 4.2.2e, 

the sensitivity was ~10-3 mbar-1 and, thus, one order of magnitude higher than that of the 

previously studied sensor. This higher sensitivity is attributed to several factors: (i) The 

GNPs used for preparing the membrane were significantly larger than in the case of the 

previously studied sensor (~7 nm vs. ~3.5 nm). Also, the alkylene chain of the dithiol cross-

linker was longer (9 vs. 6 methylene units). According to Equation 4.13 both effects 

increase the gauge factor. In addition, the longer alkylene chain of the cross-linker makes 

the GNP membrane less rigid and, hence, increases the sensitivity (Appendix A19.0368, 

A20.0166 - Supporting Information). (ii) The GNP membrane was thinner than that of the 

previously studied pressure sensor (~40 nm vs. ~55 nm). A thinner membrane is more 

easily deflected and, hence, the sensor is more sensitive. (iii) The width of the slit aperture 

(~75 µm) was wider than the cavity of the previously studied sensor (~40 µm) and the 

electrodes were placed closer to the freestanding section of the GNP membrane. Both 

changes in geometric dimensions are expected to increase the sensitivity. Furthermore, the 

sensitivity also depends on the membrane’s prestress, i.e., a lower prestress leads to higher 

sensitivity (Appendix A16.0665 - Electronic Supplementary Information, A20.0166 - 

Supporting Information). As shown below, the prestress of the GNP membrane was 

probably lower than that of the previously studied sensor (3.1 MPa vs. ~6 MPa). Compared 

to the pressure sensor reported by Chen et al.58 (see above), the sensitivity of our sensor is 

still one order of magnitude lower. However, it is to note that the surface area of the GNP 
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membrane (~4 × 103 µm2) was about three orders of magnitude smaller than the PET 

diaphragm (~2 × 107 µm2) used in the sensor of Chen et al. 

Figure 4.2.2f shows the response curve of a pressure sensor based on a ~60 nm thick GNP 

membrane covered with a ~400 nm thick layer of polymethylmethacrylate (PMMA). This 

double layer membrane was transferred from the initial glass substrate onto the silicon 

substrate via transfer printing, as described in Chapter 2 (Appendix A18.0123, A21.0170). 

The derivative of the response curve reveals a sensitivity of ~0.5×10-4 mbar-1. As expected, 

covering the GNP membrane with the PMMA layer, which has a similar elastic modulus 

as the GNP membrane but a much higher thickness, reduced the sensitivity significantly. 

This result demonstrates that the sensitivity of the sensors can be adjusted by depositing a 

passive reinforcing polymer layer onto the GNP membrane. Furthermore, compared to the 

response curve in Figure 4.2.2e, the curve is flattened in the region near zero differential 

pressure. This behavior was attributed to a higher prestress of the PMMA-covered GNP 

membrane (Appendix A20.0166 - Supporting Information).  

 
Figure 4.2.3 a) AFM line scans across a 1,9-nonanedithiol cross-linked GNP membrane (thickness: 

~40 nm, GNP diameter: ~7 nm) at an applied pressure of 0 kPa (upper figure part) and -5.7 kPa 

(lower figure part). The false-colored surfaces are cylinder surfaces fitted to the data. b) Relative 

resistive responses (upper part) and stress of the membrane (lower part) plotted vs. strain. Light 

blue dots represent non-corrected resistance changes measured between the two terminals of the 

sensor. Dark blue dots represent the resistive responses of the freestanding membrane section. The 

solid lines represent linear fits to the data. Reproduced under a Creative Commons Attribution 4.0 

International License from Ref. 66: Cross-Linked Gold Nanoparticle Composite Membranes as 

Highly Sensitive Pressure Sensors, H. Schlicke et al., Adv. Funct. Mater. 2020, 30, 2003381. © The 

authors 2020. (DOI: 10.1002/adfm.202003381) 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adfm.202003381
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Similar to the bulge tests described in Chapter 3, the topography of the pressurized GNP 

membranes was studied by AFM. Figure 4.2.3a depicts exemplary AFM scans of a 

membrane at pressure loads of 0 kPa and -5.7 kPa. The line scans were acquired on the 

membrane section shown as overlay image in Figure 4.2.2d. Fitting cylinders to the AFM 

data returned the radius of curvature of the bulged membranes. Inserting these values into 

the model of a cylindrical thin-walled pressure vessel returned the membrane’s stress .69 

Further, the strain  of the membrane was calculated by inserting the radius of curvature 

and the width of the slit aperture into a simple geometric model (Appendix A20.0166). The 

lower part of Figure 4.2.3b depicts a plot of the obtained stress-strain data. Since the aspect 

ratio of the slit aperture was ≥ 4, the axial stress can be neglected and a plane-strain state 

can be assumed. Hence, the measured circumferential stress  and strain  are related by 

the following equation:66,69 

021

E
  


= +

−
        (4.14) 

Here,  is the Poisson ratio, which is assumed to be 0.33.71–73 Using this equation, the elastic 

modulus E was extracted from the slope of the stress-strain data, revealing a value of 

3.6 GPa, which is similar to the elastic moduli of 1,9-nonanedithiol cross-linked GNP 

membranes reported previously (cf. Chapter 3, Appendix A14.0167, A19.0368), although 

the size of the GNPs used in our previous studies was smaller (~4 nm vs. ~7 nm). In 

addition, the membrane’s prestress 0 was determined as the ordinate intercept of the fit 

function, revealing a value of 3.1 MPa. Such prestress values in the low MPa range are 

typical for nanocomposite membranes deposited on microscale apertures (Appendix 

A14.0167, A17.0174, A19.0368). 

The upper part of Figure 4.2.3b presents the resistive response (light blue dots) of the sensor 

plotted as a function of the membrane’s strain. In order to determine the resistive response 

of the freestanding membrane section, these data were corrected for parasitic current flow 

through the substrate-supported sections of the membrane, which bypass the aperture 

(Appendix A20.0166). The corrected data are shown as dark blue dots. The slope of the 

linear line fit reveals a gauge factor of G = 15. This sensitivity is similar to that of 1,9-

nonanedithiol cross-linked films consisting of ~4 nm sized GNPs deposited onto flexible 

polymer substrates (cf. Figures 4.1.2b, 4.1.3a, and 4.1.4a) but somewhat smaller than that 

of films on PI and PDMS substrates (G  26) consisting of GNPs with similar sizes (cf. 

Figure 4.1.4a, Appendix A18.0123). However, the comparison of gauge factors determined 

in these different experiments has to be considered with caution. Although the major axial 

strain experienced by the specimen is similar in both experiments, the force field acting on 

a film which is attached to the surface of a bent substrate is different from the force field 

acting on a freestanding membrane in a bulge experiment. As a consequence, the traversal 

deformation of the substrate-supported GNP film is different from that of the freestanding 

GNP membrane. Furthermore, the ability to respond to deformation with rearrangements 

of the GNPs is expected to be different in a freestanding membrane or in a substrate-

supported film, as in the latter case the GNPs at the film/substrate interface are coupled to 

the substrate’s surface.  
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Related to our study, Gauvin et al. explored the electro-mechanical properties of free-

standing monolayers from dodecanethiol-stabilized GNPs (~7 nm core diameter) using 

AFM force spectroscopy and conductive probe AFM simultaneously.75 The circular GNP 

membranes, which had diameters of 5 and 20 µm, were contacted by gold electrodes 

deposited onto substrate-supported sections of the GNP monolayers, close to the apertures. 

Hence, the force of the AFM tip deflecting the membrane as well as the current flow 

between the tip and the electrode were measured at the same time. The experimental data 

were analyzed using a finite element model to simulate the force-displacement curves and 

a numerical model to simulate the strain-induced electrical resistance variations. This 

analysis revealed elastic moduli of 1.6 ± 0.4 GPa and 1.2 ± 0.4 GPa and gauge factors of 

109 ± 21 and 78 ± 17 for the 20 and 5 µm membranes, respectively. Compared to these 

data, the elastic modulus of our thicker 1,9-nonanedithiol cross-linked GNP membrane was 

somewhat higher (E = 3.6 GPa) and the gauge factor was significantly lower (G = 15). As 

discussed above, we attributed the lower sensitivity of our GNP membranes to the 

disordered 3D structure, which can respond to deformation by rearrangements of the GNPs. 

Therefore, the strain-induced changes of the interparticle distances are smaller and, hence, 

the resistive response is less sensitive than in the case of a GNP monolayer membrane.35 

However, it should also be noted that a direct comparison of the gauge factors reported by 

Gauvin et al. to those measured in our experiments, in which the membranes were strained 

homogeneously, is difficult. In their experiments, the indenting AFM tip strained the GNP 

membrane highly inhomogeneously. Thus, the maximum strain values close to the AFM 

tip were much higher than the average strain of the membrane, which was used to calculate 

the gauge factors.75   

4.3  Conclusions, Current Trends, and Future Challenges  

Recent developments in wearable electronics have fueled enormous interest in flexible 

strain sensors, which are needed for applications in healthcare monitoring, smart 

prosthetics, interactive gaming, virtual reality devices, and many more.8,13–19 In this 

context, resistive strain sensors based on thin films of noble metal nanoparticles are 

receiving significant attention and first steps towards their commercialization have been 

made.20–22,76 By varying the particles’ core size, the structure and size of the organic ligands 

and cross-linkers attached to their surface, the film thickness, and by choosing appropriate 

substrate materials, the electrical and mechanical properties of these transducers can be 

adjusted to meet application-specific requirements. Furthermore, fatigue tests have 

demonstrated that strain gauges from thin films of metal nanoparticles are fairly robust and 

show little degradation in signal responses over time, even after thousands of strain-

relaxation cycles (Appendix A18.0123). 

Resistive strain sensors based on thin metal nanoparticle films are highly sensitive. Gauge 

factors ranging from ~10 to ~200 have often been reported. It is generally accepted that 

their high sensitivity is mainly due to the strain-induced perturbation of tunneling currents. 

When straining the film, the average tunneling distances between neighboring 

nanoparticles increase and, hence, a significant increase in the film’s resistance is observed. 

Within the limit of small strain (up to ~0.1 %), the resistance increases nearly linearly with 
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increasing strain. For larger strain ranges the resistance follows an exponential increase, as 

expected for a tunneling based charge transport mechanism.31,35 However, in most studies 

it remains unclear whether the sensor signal is mainly caused by a homogeneous increase 

in nanoparticle distances, or whether it is mainly due the formation of microcracks. On the 

one hand, in situ SAXS studies on monolayers of ligand-stabilized nanoparticles, which 

were deposited onto PET foil, revealed a linear increase of interparticle distances with 

increasing strain.77,78 Hence, these studies suggest that continuous monolayers of non-

cross-linked nanoparticles remain preserved on a stretched substrate and no disintegration 

takes place. On the other hand, we and other authors reported clear evidence for crack 

formation when stretching thin films of ligand-stabilized or cross-linked nanoparticles on 

flexible substrates (Appendix A12.0137). Furthermore, some studies demonstrated that 

intentionally produced cracks can dramatically enhance the sensitivity of nanoparticle-

based resistive strain sensors.25,27,42 

Although several studies highlighted the achievement of ultra-high gauge factors (G 103), 

it should be noted that gauge factors in the range of ~5 to ~200 are sufficient for most 

intended applications. However, besides sufficient sensitivity, strain sensors should feature 

other important properties. Usually, a strain sensor should have a linear transfer curve 

within the strain range of interest. Further, its sensitivity and mechanical properties have to 

be adjusted to the application specific requirements. For example, many healthcare 

applications require skin-mounted strain sensors. These sensors should be made from very 

soft materials, i.e., their elastic modulus should be similar to that of human skin, or even 

lower. Further, a skin-mounted pulse wave sensor, for example, has to detect rather small 

strain variations. Thus, it must be quite sensitive but it does not need to tolerate large strain 

variations. The opposite is the case for, e.g., a skin-mounted limb motion sensor. Here, the 

sensor may need to tolerate huge strain variations but its sensitivity can be rather low. As 

mentioned above, Boland proposed a general benchmark for an “all-in-one” sensing 

material that covers the requirements of various healthcare applications, as W > 1 (the limit 

of absolute strain at which the fractional resistive response to strain is no longer linear), E 

< 300 kPa, and G > 7.43 However, currently encountered challenges in the development of 

wearable strain sensors are the adjustment of their electrical and mechanical properties for 

specific applications. In addition, the development of robust and stretchable interconnects, 

which are needed for integrating sensors into fully functional wearable electronics, remains 

a major challenge. 

In own studies, we demonstrated the first resistive strain sensor based on a cross-linked 

GNP film, which was deposited onto a flexible polymer substrate via layer-by-layer self-

assembly (Appendix A08.0234). The gauge factor of such sensors was within the range of 

~10 to ~20. Also, we presented first experimental data suggesting that crack formation 

could play an important role in the sensing mechanism (Appendix A12.0137). More 

recently, we demonstrated the first all-printed pulse wave sensor based on a cross-linked 

GNP film (Appendix A18.0123). The sensor was fabricated by transfer printing a GNP film 

onto a soft PDMS substrate equipped with dispenser-printed electrodes. This sensor was 

highly responsive and able to resolve diagnostically important details of the pulse wave.  
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Similar to strain sensors, tactile pressure sensors based on nanocomposite materials are 

well-suited for numerous proposed applications in wearable electronics.8,13,17,18,20,46–50 In 

addition, nanomaterials are promising candidates for the design of ultra-sensitive 

barometric pressure sensors, which can, for example, be used as altimeters in advanced 

navigation systems. Compared to conventional silicon-based pressure sensors, the use of 

nanomaterials can improve the overall sensor performance and simplify the fabrication 

process.57 In one recent example, a highly sensitive barometric pressure sensor was 

fabricated using a polymer foil as diaphragm.58 A metal nanoparticle film was deposited 

onto the diaphragm and served as resistive pressure transducer. The sensor had a 

remarkable resolution of ~0.5 Pa and a sensitivity as high as 1.3 × 10-2 mbar-1. Similar to 

modern silicon based barometric pressure sensors, the sensor could detect floor level 

altitude changes in tower buildings. However, the sensor’s diaphragm was still rather large 

(~2 × 107 µm2). 

In own works, we demonstrated the first barometric pressure sensor based on a freestanding 

membrane of cross-linked GNPs (Appendix 16.0665). The membrane was used as dia-

phragm and resistive transducer, simultaneously. The sensitivity of this sensor was ~10-4 

mbar-1 and, hence, higher than the sensitivity of many previously studied pressure sensors 

based on nanomaterials. In subsequent experiments, we deposited GNP membranes onto 

silicon substrates with rectangular apertures to study their electromechanical properties via 

a combination of in situ AFM bulge tests and charge transport measurements (Appendix 

20.0166). Due to the larger size of the GNPs and longer cross-linker molecules, as well as 

optimized geometric parameters, the pressure sensitivity was increased to ~10-3 mbar-1 

while the membrane area was kept rather small (~4 × 103 µm2). These results demonstrate, 

that GNP membranes are well-suited as highly sensitive transducers in differential pressure 

sensors. However, the gas permeability of the GNP membranes and the inability of the 

sensors to discern the direction of pressure changes are challenges for future studies. 
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CHAPTER 5 

Gold Nanoparticle Films as Resistive Gas- and Vapor Sensors 

This chapter is divided into six major sections: The first section provides a short intro-

duction to resistive gas sensors based on metal oxide semiconductors, carbon-black/poly-

mer composites, and ligand-stabilized gold nanoparticles (Section 5.1). The second section 

introduces a widely used model for the sensing mechanism of GNP-based chemiresistors 

(Section 5.2). This section also presents some important findings of experimental studies 

which were performed to test the major hypotheses derived from theory. The third section 

shows how the fundamental properties of GNP chemiresistors, especially their sensitivity, 

selectivity, and sorption behavior, can be tuned by varying the size and chemical com-

position of the cross-linkers used for GNP film assembly (Section 5.3). This section also 

presents a study addressing the influence of strain on the sensitivity of GNP chemiresistors. 

The fourth section provides a summary of our recent studies into the fabrication and 

characterization of GNP chemiresistor arrays (Section 5.4). The fifth section presents a 

flexible, highly responsive humidity sensor, which is based on an inkjet-printed film of 

PEGylated GNPs (Section 5.5). Finally, the sixth section provides some major conclusions 

and addresses current trends and future challenges (Section 5.6). 

5.1  Chemiresistors Based on Metal Oxides, Conductive Polymer Composites, and 

Metal Nanoparticles 

The most widely used resistive gas sensors are based on metal oxide semiconductors. 

Following early fundamental studies of Brattain and Bardeen1, and Heiland2, these gas 

sensors were first reported by Seiyama3 and patented by Taguchi4 in the early 1960s. Since 

then, metal oxide semiconductor (MOS) gas sensors are being used for the detection of 

reducing and oxidizing gases, as well as volatile organic compounds (VOCs) in numerous 

applications. The sensitive layer of these sensors usually consists of an n-type metal oxide, 

such as SnO2 or WO3, forming a granular film on a suitable substrate. The latter is equipped 

with a resistive heating element to set the operating temperature to 200 - 450 °C. At such 

high temperature, atmospheric oxygen reacts at the surface of the grains, leading to the 

formation of negatively charged, ionosorbed oxygen species. The electrons required for 

this reaction originate from donor sites, i.e., oxygen vacancies of the metal oxide. As a 

consequence, a space-charge-layer is formed at the grains’ surface and band bending leads 

to the formation of Schottky barriers at the grain-to-grain contacts, impeding the charge 

transport across the granular film.5,6  

When exposing the sensor to a reducing gas, e.g., H2, CO, or VOCs, the highly reactive 

ionosorbed oxygen species oxidize these analytes and the surface trapped electrons are 

injected back into the metal oxide grains. Thus, the height of the Schottky barriers is 

reduced and the presence of reducing analytes can be detected as an increase of the film’s 

conductance. In contrast, oxidizing analytes, e.g., NO2 or O3, can be ionosorbed at the 

grains’ surfaces in addition to ionosorbed oxygen species. Hence, more electrons are with-

drawn from the conduction band and the height of the Schottky barriers further increases. 

Therefore, oxidizing analytes can be detected by a decrease of the film’s conductance.5,6 



CHAPTER 5 

144 
 

The great commercial success of MOS-type gas sensors is based on several advantageous, 

especially their high sensitivity to many air-borne analytes, enabling ppm- and even ppb-

level detection, as well as their simple fabrication and robust operation. However, their 

high operating temperature imposes significant problems with respect to power con-

sumption, miniaturization and integration. Furthermore, the high temperature makes it 

difficult to adjust the chemical selectivity of MOS-type gas sensors and precludes their 

operation on flexible polymer substrates, which are required for wearable electronics. To 

solve these problems, intense research efforts are currently aiming at the design of nano-

materials-based gas sensors operated at room temperature.7–9 

A promising alternative to high temperature operated MOS-type gas sensors are resistive 

transducers from composites of conductive particles dispersed in an insulating matrix. Such 

room temperature operated chemiresistors were originally called “adsistors”. The first 

sensor of this type was patented in 1962 and commercialized for the detection of gasoline 

leaks.10,11 Subsequently, a variety of chemiresistors have been fabricated by loading con-

ductive fillers of nano- and micron-sized particles, such as carbon-black (CB), into 

polymers.12–16  

When CB/polymer chemiresistors are exposed to the test gas or vapor, partitioning of air-

borne analyte molecules into the composite leads to swelling of the polymer matrix. 

Thereby, percolation paths formed by the conductive CB particles are disconnected and, 

hence, the analyte can be detected by an increase of the composite’s resistance. It has been 

demonstrated that the highest sensitivities are achieved when the volume fraction of the 

filler is close to the percolation threshold.16 However, in this case the response behavior is 

not very stable and the correlation of the sensor response with the analyte concentration 

becomes less predictable. Hence, the volume fraction of the filler is usually adjusted above 

the percolation threshold, which renders the sensors less sensitive but more stable. As the 

partition coefficient of an analyte depends on its chemical interaction with the polymer, the 

chemical selectivity of a CB/polymer transducer can be tuned by varying the chemical 

nature of the polymer. Therefore, numerous chemiresistors with different chemical 

selectivity can easily be fabricated. For example, an array of 32 chemiresistors, consisting 

of different CB/polymer composites, has been used as the sensing element in a commercial 

hand-held electronic nose device. Combined with appropriate classification algorithms, the 

device was able to discriminate the headspace of different bacterial cultures.17 In another 

study it was shown that arrays of CB/polymer chemiresistors can detect and classify solvent 

vapors at concentrations in the low ppm range (~10 ppm).12 Furthermore, ppb- and ppt-

level detection limits for nerve agent simulants and biogenic amines have been achieved 

by selecting appropriate polymers for fabricating the CB/polymer films.18,19 Additionally, 

it was shown that the response time of CB/polymer chemiresistors scales with the square 

of the film’s thickness. For film thicknesses below 200 nm, response times ranging between 

10 and 100 ms have been demonstrated.20 

In 1998 Wohltjen and Snow showed that thin films of ligand-stabilized GNPs are well-

suited for applications as highly sensitive and selective resistive vapor sensors.21 Because 

of its precise nanoscale architecture, in which the metal cores are separated by the ligand 
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shell, they called this type of chemiresistor a “metal-insulator-metal ensemble” (MIME) 

device. The sensitive film used in this first study was made from octanethiol-stabilized 

GNPs having a core diameter of 2 nm. The sensor was operated at room temperature and 

responded selectively to solvent vapors with high sensitivity (detection limits <1 ppm), 

short response and recovery times (t90 <1 s), and high reproducibility. In contrast to 

CB/polymer chemiresistors, the precise control over structural features, especially the GNP 

core size, the interparticle distance, and the molecular structure of the ligands, enables the 

optimization of the overall sensing performance for specific applications. As discussed in 

more detail below, the sensing mechanism of GNP-based chemiresistors is not exclusively 

based on film swelling. In addition, analyte sorption can increase the permittivity of the 

organic ligand matrix. If this effect overcompensates the effect of swelling, analyte sorption 

can induce a decrease of the film’s resistance. Based on these opposing effects, it is possible 

to design sensing elements that respond to analyte sorption with either an increase or a 

decrease in resistance. This ability to control the direction of the response to certain analytes 

can significantly improve the classification and recognition of analytes using arrays of GNP 

chemiresistors with tuned response characteristics.22 

Following the publication of Wohltjen and Snow, vapor and gas sensing chemiresistors 

based on ligand-stabilized noble metal nanoparticles have been studied extensively. Most 

studies focused on GNP-based transducers and their application for VOC detection. In 

general, these studies confirmed short response and recovery times as well as high 

sensitivities with detection limits in the low ppm-, ppb-, or even in the ppt-range.23,24 

Furthermore, a number of studies, including our own works, demonstrated that the chemical 

selectivity of GNP-based chemiresistors can be tuned by modifying the nanoparticles’ 

ligand shell using a variety of organic thiols or amines11,23 (Appendix A020225, A03.0126, 

A04.0127, A07.0228, A20.0229, A20.0330). Arrays of such sensors have been used to 

recognize or classify VOCs with promising discrimination performance22,31 (Appendix 

A20.0330, A21.0232). For example, Haick and coworkers demonstrated the application of 

GNP-based sensor arrays for medical diagnosis via breath analysis, including the diagnosis 

of COVID-19 infection.33–38 Further, it is to note that applications of GNP-based chemi-

resistors and respective sensor arrays are not limited to the detection of analytes in the gas 

phase. Several studies demonstrated the detection of organics in aqueous media, e.g., the 

detection of organic contaminants in seawater.39–41 

Some research groups started to explore the fabrication of GNP-based chemiresistors on 

flexible polymer substrates.42 For example, the Haick group presented GNP chemiresistors 

printed onto polyimide (PI) substrates. Interestingly, the chemical selectivity of these 

sensors could be tuned by straining them during the exposure to breath samples.34 Similar 

results were reported by Zhong and coworkers who fabricated GNP chemiresistors on 

polyethylene terephthalate (PET) substrates.43 As described in more detail below, we 

deposited ,-alkanedithiol cross-linked GNP films via layer-by-layer self-assembly onto 

high density polyethylene (HDPE) substrates and demonstrated that their sensitivity can be 

enhanced by straining the substrate (Appendix A12.01).44 More recently, we presented an 

array of fully printed chemiresistors with tunable selectivity. The sensors were fabricated 

via layer-by-layer inkjet printing on PI foil (Appendix A20.02).29 
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While most studies focused on the fabrication and characterization of GNP chemiresistors, 

some researchers explored transducers from platinum, palladium, and metal alloy nanopar-

ticles.23,45 For example, it was shown that films of palladium nanoparticles are interesting 

transducers for hydrogen sensing.46 In one of our own studies, we demonstrated the 

detection of carbon monoxide and ammonia using chemiresistors from ,-alkanedithiol 

cross-linked gold and platinum nanoparticles (Appendix A04.0347). 

In summary, chemiresistors based on ligand stabilized noble metal nanoparticles, especially 

GNPs, are an interesting alternative to MOS- and CB/polymer-type chemiresistors, offering 

several potential advantageous: (i) room-temperature operation and low power con-

sumption, (ii) compatibility with flexible polymer substrates, (iii) tunable electronic 

properties, (iv) adjustable response characteristics with short response and recovery times, 

(v) high sensitivity, and (vi) broadly tunable chemical selectivity. Currently, first attempts 

are being made to commercialize these types of sensors.48 However, several features, such 

as their efficient commercial fabrication, their integration into complex circuitry and 

flexible electronics, their rationally controlled selectivity and enhanced sensitivity for real-

world applications (e.g., in medical diagnosis and environmental monitoring), as well as 

their stability and durability, are challenges of ongoing research activities. 

5.2  Sensing Mechanism of Chemiresistors Based on Gold Nanoparticles 

5.2.1 Theoretical Considerations 

The response of GNP-based chemiresistors to analyte sorption is usually considered as the 

result of two effects: The increase in the interparticle distances  due to swelling and a 

simultaneous change in relative permittivity r. In order to evaluate these effects on the 

overall sensor signal, we start with the equation describing the resistive response of a GNP-

based strain gauge (cf. Chapter 4):  

 ( ) ( )A B

i

exp exp / 1
R

E k T
R

 


=    −       (5.1) 

Here, R is the change in resistance, Ri the initial resistance,  the tunneling decay constant, 

 the change in edge-to-edge interparticle distances, EA the change in activation energy, 

kB the Boltzmann constant, and T the absolute temperature. The first exponential term is 

the tunneling term, which is strongly affected by the increase in interparticle distances. As 

an approximation, it is commonly assumed that the tunneling decay constant  is not 

changed by analyte sorption. The second exponential term considers the thermal activation 

of charge carriers (cf. Chapter 3). The change in the activation energy EA is caused by 

both, the increase in interparticle distances  and the change in permittivity r. According 

to Equation 3.15 (Chapter 3) the change in the activation energy EA is given by Equation 

5.2. 
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Here, r is the radius of the metal core, r,i the initial relative permittivity of the organic 

matrix, i the initial interparticle distance, 0 the vacuum permittivity, and e the elementary 

charge. By substituting Equation 5.2 into Equation 5.1 the relative resistive response R/Ri 

of the sensitive layer can be calculated as a function  and r. Figure 5.2.1 presents plots 

of the respective function for different initial parameters of the GNP film. 

 
Figure 5.2.1 Relative resistance change R/Ri of a metal nanoparticle film as a function of 

variations in relative permittivity r and interparticle distance , according to Equations 5.1 and 

5.2. In each simulation the tunneling decay constant  was set to 10.0 nm-1, the initial relative 

permittivity r,i to 2.00 or 4.00 (as indicated), and the temperature T to 298 K. a) For this simulation 

the metal core radius r was set to 2.00 nm and the initial interparticle distance i to 0.50 nm. b) Here, 

the particle radius r was kept at 2.00 nm but the initial interparticle distance i was increased to 1.50 

nm. c) In this simulation, the radius r of the metal core was increased to 5.00 nm and the interparticle 

distance i was set back 0.50 nm. d) Here, the initial relative permittivity r,i was increased to 4.00 

and the core radius r was set back 2.00 nm. 
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The simulation shown in Figure 5.2.1a was obtained by setting the metal core radius r to 2 

nm and the initial interparticle distance i to 0.5 nm. Since it was assumed that the organic 

matrix consists of alkanethiols or -dithiols, the initial relative permittivity r,i was set to 2.0 

and the tunneling decay constant  to 1.0 Å-1 (cf. Chapter 3). The plot indicates that an 

increase in relative permittivity from 2.0 to 4.0 (r increases from 0.0 to 2.0) at unchanged 

interparticle distances leads to a resistance decrease of ~50 %. However, a simultaneous 

increase of the interparticle distances by 1.0 Å outbalances this effect, resulting in a net 

resistance increase of ~50%. On the other hand, increasing the interparticle distances by 

1.0 Å at a fixed permittivity of 2.0 (r = 0.0), results in a significant increase in resistance 

by ~240 %.  

Increasing the initial interparticle distances i to 1.5 nm enhances the permittivity effect, as 

shown in Figure 5.2.1b. Increasing the relative permittivity from its initial value of 2.0 to 

4.0, results in a resistance drop of ~80 %. Now, a simultaneous increase in interparticle 

distances by 1.0 Å can only partly compensate the permittivity effect. Hence, the simulation 

indicates a net decrease in overall resistance by ~40 %. Further, increasing the interparticle 

distances by 1.0 Å, at a fixed permittivity of 2.0, results in an increase in resistance by 

~200 %, somewhat less than in the example presented in Figure 5.2.1a.  

Decreasing the Coulomb charging energy of the metal cores by increasing the core radius, 

strongly attenuates the effect of increasing permittivity, as seen in Figure 5.2.1c. In this 

simulation, the initial interparticle distance i was set back to 0.5 nm, but the metal core 

radius r was set to 5.0 nm. Now, at fixed interparticle distances, the increase in permittivity 

from 2.0 to 4.0 decreases the resistance by only ~10 %. A simultaneous increase in 

interparticle distances by 1.0 Å causes a net increase in overall resistance by ~145 %. 

Additionally, at a fixed permittivity of 2.0, the increase in resistance with increasing 

interparticle distance of ~185 % is less pronounced than in the example presented in Figure 

5.2.1a. 

The effect of an increased initial permittivity of the organic matrix r,i, as shown in Figure 

5.2.1d, is similar to that of a larger metal core size. In this simulation the metal core radius 

was set back to 2.0 nm, but the initial relative permittivity of the organic matrix was set to 

4.0. Increasing the relative permittivity at fixed interparticle distance from 4.0 to 5.0 causes 

a decrease in resistance of less than 10 %. A simultaneous increase in the interparticle 

distances by 1.0 Å causes a net increase in resistance by ~150 %. Conversely, decreasing 

the relative permittivity at fixed interparticle distance to 3.0 causes an increase in resistance 

of ~25 %. A simultaneous increase in the interparticle distances by 1.0 Å leads to a total 

resistance increase of ~300%. 

In conclusion, the following hypotheses can be derived from the above discussed simu-

lations: 

(i) Sorption-induced swelling increases the interparticle distances and, hence, promotes 

a positive resistive response (due to attenuation of tunneling currents and an increase 

of the activation energy). Conversely, a sorption-induced increase in the permittivity 

promotes a negative resistive response (due to a decrease of the activation energy). 
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Because of the strong attenuation of tunneling currents with increasing interparticle 

distances (tunneling term in Equation 5.1), it is expected that swelling easily 

dominates the overall sensor response. Thus, most GNP-based chemiresistors are 

expected to respond with an overall increase in resistance to analyte sorption. 

(ii) Analytes with small relative permittivity promote positive resistive responses, 

whereas those with high relative permittivity promote negative resistive responses. 

(iii) Soft GNP films, which can easily swell, promote positive resistive responses (the 

effect of swelling dominates). Conversely, rigid GNP films, which have little ability 

to swell, promote negative resistive responses (the effect of increasing permittivity 

dominates). 

(iv)  In general, a high activation energy (small core sizes, long interparticle distances, low 

initial permittivity) promotes the permittivity effect and, hence, promotes negative 

resistive responses. Conversely, a low activation energy (large core sizes, short inter-

particle distances, high initial permittivity) attenuates the permittivity effect and, 

hence, promotes positive resistive responses. 

5.2.2 Rigid and Flexible Gold Nanoparticle Films - Experimental Findings 

In general agreement with the above-derived hypotheses, the first publication on GNP 

chemiresistors disclosed positive resistive responses to analytes with low permittivity 

(toluene, tetrachoroethylene) and negative responses to analytes with high permittivity 

(1-propanol, water).21 Similar observations were made in several subsequent studies.23 

Also, it was shown that the sensitivity of the GNP films is strongly correlated with their 

ability to swell during analyte sorption. For example, Ibañez et al. reported that the sensi-

tivity of initially non-cross-linked GNP chemiresistors decreased significantly after cross-

linking the GNPs with 1,6-hexanedithiol.49 As discussed in detail below (cf. Section 5.3.2), 

we observed that the sensitivity of ,-alkanedithiol cross-linked GNP films to nonpolar 

solvent vapors decreased with decreasing length of the cross-linker and, hence, with 

increasing rigidity of the sensitive layer (Appendix A03.0250, A04.0251, A19.0352). 

In order to prove that the flexibility of the interlinkage between the nanoparticles of cross-

linked GNP films has significant influence on the response characteristics, we investigated 

chemiresistors in which the GNP film was either cross-linked with flexible 1,12-dodecane-

dithiol (C12) or rigid [4]-Staffane-3,3’’’-dithiol (SF4) molecules (Appendix A07.0228). 

Figure 5.2.2 presents the responses of these chemiresistors to different analyte vapors. 

As shown in Figure 5.2.2a, the film cross-linked with the flexible C12 cross-linker 

responded to both, nonpolar and polar analytes, with a fast and reversible increase in 

resistance. Hence, sorption-induced swelling was obviously dominating the net response 

signature. In striking contrast, the film with the rigid SF4 cross-linker responded to all four 

analytes with a fast and reversible decrease in resistance. This finding suggests that the 

rigid cross-linker effectively suppressed film swelling. Thus, diffusion of analyte molecules 

into the pores of the sensitive layer increased the permittivity and, therefore, a decrease in 

resistance was observed, as expected by the above derived hypotheses. Interestingly, 
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thickness normalized UV/vis spectra revealed that the packing density of the GNPs within 

the SF4 cross-linked material was significantly lower than in the case of the C12 cross-

linked film. Accordingly, the conductivity of the SF4 cross-linked films was two orders of 

magnitude lower than that of the C12 cross-linked film. These observations indicate that 

the SF4 cross-linked film had a more porous structure promoting sorption of analyte 

molecules. 

 
Figure 5.2.2 a) Transient responses of three GNP-based chemiresistors to vapors of toluene,  

4-methyl-2-pentanone, 1-propanol, and water (concentration: 5000 ppm in purified and dried air). 

The GNP films were cross-linked with 1,12-dodecanedithiol (C12), [4]-Staffane-3,3’’’-dithiol 

(SF4), and 4,4’-terphenyldithol (TPT), and had thicknesses of ~34, ~44, and ~43 nm, respectively. 

The GNP core size was ~4 nm. All films were prepared via layer-by-layer self-assembly using 

silicon substrates with interdigitated gold electrodes. b) Upper panel: Response isotherms of the 

C12 cross-linked GNP film for toluene, 4-methyl-2-pentanone, and 1-propanol. Lower panel: 

Concentration of absorbed analyte molecules within the sensitive layer as a function of the vapor 

concentration. c) Response isotherms of the SF4 cross-linked GNP film (upper panel) and 

concentration of absorbed analyte within the sensitive layer (lower panel). Adapted with permission 

from Ref. 28: Vapor Sensitivity of Networked Gold Nanoparticle Chemiresistors: Importance of 

Flexibility and Resistivity of the Interlinkage, Y. Joseph et al., J. Phys. Chem. C 2007, 111, 12855. 

Copyright 2007 American Chemical Society. (DOI: 10.1021/jp072053+) 

https://doi.org/10.1021/jp072053+
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The upper parts in Figures 5.2.2b and 5.2.2c show the resistive response isotherms of both 

films for vapors of toluene, 4-methyl-2-pentanone, and 1-propanol. The lower parts present 

the corresponding uptake of analyte within the sensitive layer measured with quartz crystal 

microbalances (QCMs). For the film with the flexible C12 cross-linker (Figure 5.2.2b) the 

positive resistive responses correlate very well with the uptake of respective analyte 

molecules. Since all three analytes have comparable vapor pressures, their uptake was 

mainly controlled by the nonpolar character of the C12 cross-linker. Accordingly, the 

concentration of absorbed analyte molecules within the sensitive layer decreased with 

increasing polarity of the analyte. In contrast, for the film with the rigid SF4 cross-linker 

(Figure 5.2.2c) the resistive responses to toluene and 4-methyl-2-pentanone differed 

significantly, although their concentrations within the film were very similar. Furthermore, 

although the concentration of absorbed 1-propanol was much lower than that of toluene, 

both analytes showed similar resistive responses. These findings can be explained by 

considering the different relative permittivity r of the three analytes, which increases in 

the order toluene (r  2.4) < 4-methyl-2-pentanone (r  13) < 1-propanol (r  21). Thus, 

although similar amounts of toluene and 4-methyl-2-pentanone were absorbed, the induced 

permittivity increase was much stronger in the case of 4-methyl-2-pentanone. Hence, the 

decrease in the film’s resistance was more pronounced than in the case of toluene. 

Furthermore, although much less 1-propanol than toluene was absorbed, similar resistive 

responses to both analytes were observed because the permittivity of 1-propanol is much 

higher than that of toluene. 

Another interesting observation was made when cross-linking the GNP film with the rigid 

and conjugated 4,4’-terphenyldithiol (TPT) molecules. As seen in Figure 5.2.2a, this film 

did not show any significant response to the four analytes, although QCM measurements 

revealed a similar analyte uptake as for the SF4 and C12 cross-linked films (see Appendix 

A07.0228). As in the case of the SF4 cross-linked film, it is assumed that the TPT cross-

linker suppressed film swelling. Hence, analyte sorption did not result in any significant 

increase of the film’s resistance. However, an explanation for the lack of negative resistive 

responses is less obvious. Compared to the C12 and SF4 cross-linked GNP films, the film 

with the conjugated TPT cross-linker showed significantly higher conductivity (7.7 × 10-4, 

6.8 × 10-6, and 6.9 × 10-3  cm-1, respectively). This finding was attributed to energy levels 

of the TPT molecule, which are closer to the Fermi level of gold than those of the non-

conjugated C12 and SF4 molecules. As reported in previous studies, these levels give rise 

to charge transport via resonant tunneling (cf. Chapter 3). Thus, it seems that resonant 

tunneling through the conjugated linker molecules is less prone to perturbation by 

permittivity variations in the organic matrix than non-resonant tunneling, which is assumed 

to be the dominant charge transport mechanism in the SF4 cross-linked films. 
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5.2.3 Effect of Film Thickness and Morphology on the Response Characteristics - 

Experimental Findings 

In one study, we investigated the resistive responses of GNP films to vapors as a function 

of their thickness (Appendix A08.0153). The films were prepared via layer-by-layer self-

assembly using ~4 nm sized GNPs and C12 as cross-linker (cf. Chapter 2). The film 

thickness was controlled by the number of applied deposition cycles. Figure 5.2.3a shows 

SEM images of films obtained after 4 and 5 deposition cycles. After 4 cycles the film 

consisted of interconnected GNP islands. The coverage of the substrate surface was 32 ± 

10 %. After 5 deposition cycles the islands fused and formed a more continuous film 

morphology. The surface coverage of this film was 65 ± 10 %. 

Figure 5.2.3b presents the response transients of the GNP films to vapors of toluene, 4-

methyl-2-pentanone, 1-propanol, and water. The film thicknesses corresponded to 3, 4, 5, 

and 14 deposition cycles. The films obtained after 3 and 4 deposition cycles responded to 

all analytes with a decrease in resistance with relative response amplitudes resembling 

those of the SF4 crosslinked GNP film (cf. Figure 5.2.2a). In contrast, the film obtained 

after 5 deposition cycles responded with an increase in resistance to toluene and 4-methyl-

2-pentanone vapors, but showed hardly any sensitivity to 1-propanol and water.  

Qualitatively, these findings can be explained according to the above-discussed sensing 

mechanism: As mentioned above, the discontinuous films obtained after 3 and 4 deposition 

cycles consisted of interconnected GNP islands (cf. Figure 5.2.3a). The junctions between 

these islands are the bottlenecks for charge transport, which were formed by a small number 

of GNPs. Hence, these junctions determined the film’s overall resistance. Confirming this 

interpretation, charge transport measurements revealed Coulomb blockade characteristics 

(cf. Chapter 3). Furthermore, the activation energy of the film with 4 deposition cycles was 

significantly higher than that of the film with 14 deposition cycles (89 and 52 meV, 

respectively). As the GNPs within the junctions are pinned to the substrate surface, their 

mobility is restricted and the interparticle distances remain rather unaffected by sorption of 

analyte molecules. However, partition of analyte molecules into the cross-linker/ligand 

matrix alters the permittivity in the direct environment of the GNP cores. Hence, it is 

expected that analyte sorption changes the Coulomb charging energies and, therefore, the 

resistance of the junctions. In conclusion, similar to the SF4 cross-linked GNP films, the 

sensing mechanism of very thin discontinuous GNP films seems to be governed by 

sorption-induced changes of the permittivity rather than swelling. Accordingly, the 

pronounced negative responses to 4-methyl-2-pentanone (cf. Figure 5.2.3b) were attributed 

to the high permittivity of this analyte and its high partition coefficient for sorption within 

the hydrophobic cross-linker matrix. 

In the case of the GNP film obtained after 5 deposition cycles, the islands have fused and 

a more continuous 3D film morphology was obtained (cf. Figure 5.2.3a). Hence, the 

junctions between the islands consisted of numerous cross-linked GNPs, which have more 

freedom to rearrange during analyte sorption. Thus, swelling became more important for 

the sensing mechanism and the film showed positive resistive responses to toluene and 

4-methyl-2-pentanone. However, due to its higher permittivity, the response to the latter 
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was still very weak. Further, the film was almost insensitive to 1-propanol. Obviously, the 

effect of swelling was cancelled out by the effect of increasing permittivity. 

 
Figure 5.2.3 a) SEM images of layer-by-layer self-assembled GNP films on silicon substrates, 

obtained after 4 and 5 deposition cycles. The GNPs had a diameter of ~4 nm. 1,12-Dodecanedithiol 

(C12) was used as cross-linker. b) Transient resistive responses of 1,12-dodecanedithiol cross-

linked GNP films to toluene, 4-methyl-2-pentanone, 1-propanol, and water (vapor concentration: 

5000 ppm in dried and purified air). The GNP films were deposited onto silicon substrates with 

interdigitated gold electrodes by applying 3, 4, 5 and 14 deposition cycles. Adapted with permission 

from Ref. 53: Gold Nanoparticle/Organic Networks as Chemiresistor Coatings: The Effect of Film 

Morphology on Vapor Sensitivity, Y. Joseph et al., J. Phys. Chem. C 2008, 112, 12507. Copyright 

2008 American Chemical Society. (DOI: 10.1021/jp8013546) 

Finally, the film obtained after 14 deposition cycles formed a compact 3D layer with a 

thickness of ~40 nm. As expected, the responses to the different analytes (Figure 5.2.3b) 

were very similar to those of the 12C cross-linked film shown in Figure 5.2.2a. According 

to the above-discussed chemiresistors model, swelling was the dominant effect of the 

sensing mechanism and, hence, the resistive responses to all four vapors were positive. 

https://doi.org/10.1021/jp8013546
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5.2.4 Sorption-Induced Swelling of Gold Nanoparticle Films - Experimental Findings 

The above-presented findings confirmed the hypothesis that sorption-induced swelling and 

permittivity variations control the response characteristics of GNP chemiresistors quali-

tatively. To enable a more quantitative analysis of the sensing mechanism, some studies 

were designed to assess sorption-induced swelling of GNP films and concomitant 

permittivity variations. For example, Zellers and coworkers studied the resistive responses 

of films from octanethiol-stabilized GNPs to numerous VOCs.54 Using microgravimetry 

they determined the partition coefficient for each analyte and, based on Equation 5.1, they 

derived a quantitative model for the responses of GNP chemiresistors. Provided that the 

values for specific variables of the GNP film and the analyte (permittivity, density, partition 

coefficient) are available, the model predicted the observed resistive responses typically to 

within ~24 %. However, since film swelling was not determined experimentally, it was 

necessary to introduce an empirical factor to account for the swelling efficiency of the 

sensitive layer. 

In another study, Kunstmann et al. used environmental scanning electron microscopy (E-

SEM) to observe humidity-dependent reversible transitions in superlattices of PEGylated 

GNPs.55 They reported an increase in interparticle distances with increasing humidity. At 

the same time, a color change from blue to red was observed (cf. Chapter 3). However, the 

study did not address the effects of film swelling on the charge transport properties. 

Zhang et al. used ellipsometry to study sorption-induced swelling of GNP-based chemi-

resistors.55 When dosing the films with VOCs at high concentrations, the observed positive 

resistive responses correlated with the measured increase in film thickness. In contrast, 

when exposing the films to ethanol vapor at low concentrations, film swelling was not 

detectable and negative resistive responses were observed. According to Equation 5.1, they 

concluded that at high vapor concentrations swelling dominated the resistive responses, 

whereas at low vapor concentration the permittivity effect was dominant. However, 

ellipsometry is sensitive to both, variations in layer thickness and changes in the 

permittivity. Therefore, these results could only be interpreted qualitatively. 

Small angle x-ray scattering (SAXS) and grazing incidence small angle x-ray scattering 

(GISAX) are very powerful methods to measure variations of interparticle distances in 

nanocrystal assemblies. For example, the variation of average interparticle distances in 

GNP-based strain gauges could be measured by SAXS with Ångström-level precision.56 In 

another study, Ibañez and coworkers exposed films of tetraoctylammonium bromide-

stabilized GNPs to solvent vapors and monitored the interparticle distance variations using 

GISAXS.57 When exposing the films to saturated toluene vapor, the interparticle distances 

increased by up to ~4 Å. In contrast, dosing the films with saturated ethanol vapors caused 

only very little variation of the interparticle distances. In a similar study, Pileni and 

coworkers investigated sorption-induced swelling of highly ordered superlattices of 

dodecanethiol-stabilized GNPs by SAXS.58 Exposing the samples to saturated toluene 

vapor induced a reversible increase of the interparticle distances by ~4 Å. 
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Figure 5.2.4 a) SEM image of a superlattice film of dodecanethiol-stabilized GNPs (~4 nm core 

diameter, standard deviation <10 %). b) GISAXS pattern of the GNP superlattice. c) SAXS 

intensity profile extracted from the GISAXS pattern by performing line cuts from center-to-edge 

and integrating along the ring over a defined section, as indicated by red lines in panel (b). 

Simulated intensity profiles of an fcc and bcc lattice are shown as blue and red lines, respectively. 

d) GISAXS-measured (111)-reflection of a GNP superlattice film under nitrogen (dotted lines) and 

during exposure to vapors of toluene, 4-methyl-2-pentanone (4M2P), and 1-propanol in nitrogen. 

The increasing vapor concentrations (1000, 4000, 7000, 10 000 ppm) are indicated by using dark 

to light colored graphs. Reproduced from Ref. 59 with permission from the Royal Society of 

Chemistry. (DOI: 10.1039/C6TC02412B) 

In one of our own studies, we tested the fidelity of Equation 5.1 quantitatively (Appendix 

A16.0159). To this end, superlattice GNP films were prepared to measure film swelling via 

GISAXS, the amount of sorbed analyte via microgravimetry, and the resistive responses 

via conductance measurements. In order to achieve high swelling efficiency, non-cross-

linked superlattice films of dodecanethiol-stabilized GNPs (~4 nm core diameter) were 

used. Figure 5.2.4a presents an SEM image of such GNP film, which was prepared via 

drop-casting on a silicon substrate. Figure 5.2.4b shows the GISAXS pattern of a ~100 nm 

thick GNP film. The ring-shaped signature is due to the 3D arrangement of GNPs, at which 

the lack of prominent reflections indicates a random orientation of supercrystalline 

domains. The SAXS intensity profile shown in Figure 5.2.4c was extracted from the 

GISAXS pattern by integrating along the ring over a defined section, as indicated by red 

lines in Figure 5.2.4b. In accordance with previous studies, the SAXS profile revealed an 

fcc superlattice structure.60 Analyzing the SAXS profiles of several GNP superlattice films 

revealed interparticle edge-to-edge distances i ranging from 1.9 to 2.3 nm. This result 

indicates significant interdigitation of the ligands’ alkyl chains. When exposing the GNP 

films to vapors of toluene or 4-methyl-2-pentanone (4M2P) at concentrations ranging from 

1000 to 10 000 ppm, significant shifts of the (111)-reflection to smaller q-values were 

https://pubs.rsc.org/en/content/articlehtml/2016/tc/c6tc02412b
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observed, as shown in Figure 5.2.4d. As discussed in more detail below, these shifts are 

due to swelling of the films’ organic matrix and correspond to an increase in interparticle 

distances of up to ~1.5 Å. In contrast, dosing the films with 1-propanol vapor caused hardly 

any shift of the (111)-reflection, revealing that this analyte caused much less swelling than 

toluene or 4M2P. These data show that the nonpolar dodecanethiol ligands of the GNPs 

promoted partitioning of toluene and 4M2P within the superlattice GNP films, but 

restrained sorption of the more polar 1-propanol.  

 
Figure 5.2.5 a) Transient responses of a QCM transducer coated with a superlattice film of dode-

canethiol-stabilized GNPs (~4 nm core diameter) to vapors of toluene, 4-methyl-2-pentanone 

(4M2P), and 1-propanol in nitrogen. The vapor concentrations were 50, 500, 1000, 2000, 3000, 

4000, 5000, 7500, and 10 000 ppm. b) Interparticle distance changes calculated from QCM (Δδqcm) 

and GISAXS (Δδ) data. Reproduced from Ref. 59 with permission from the Royal Society of 

Chemistry. (DOI: 10.1039/C6TC02412B) 

 

In order to measure the amount of sorbed analyte, the superlattice GNP films were de-

posited onto 10 MHz quartz crystal microbalances (QCMs). The deposited mass of the 

films corresponded to a film thickness of ~20 nm on both sides of the QCM substrate. 

Figure 5.2.5a shows the measured response transients when dosing the QCMs with vapors 

of toluene, 4-methyl-2-pentanone (4M2P), and 1-propanol at concentrations ranging from 

50 to 10 000 ppm. Inserting the observed frequency shifts into the Sauerbrey equation 

returned the mass of absorbed analyte molecules. Similar as described by Zellers and co-

workers, the mass of sorbed analyte was used to calculate the sorption-induced increase of 

the interparticle distances.54 For this purpose, the volume of sorbed analyte was calculated 

using the liquid state density of the analyte. Further, it was assumed that the space between 

the GNP cores was initially filled homogeneously with liquid dodecanethiol. Figure 5.2.5b 

shows the calculated increase in interparticle distances qcm as a function of the applied 

https://pubs.rsc.org/en/content/articlehtml/2016/tc/c6tc02412b
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vapor concentration. In addition, the shift of the GISAXS-measured (111)-reflection (cf. 

Figure 5.2.4d) was used to calculate the sorption induced increase in the interparticle 

distances . For comparison, these data are included in Figure 5.2.5b. 

The increase in interparticle distances calculated from GISAXS and QCM data for toluene 

and 4-methyl-2-pentanone vapors are in remarkable agreement. When the films were 

exposed to these analytes at 10 000 ppm, the average interparticle distances increased by 

~1.2 Å and ~0.8 Å, respectively. In contrast, for 1-propanol vapor, the QCM data suggest 

a sorption-induced increase of the interparticle distances by 0.3 Å, whereas the GISAXS 

data revealed no significant swelling. To explain these inconsistencies, it was suggested 

that, due to its polar nature, 1-propanol was mainly sorbed at the film’s surface and/or 

within voids without contributing to swelling. This interpretation is corroborated by a 

previously performed neutron reflectometry study in which sorption of solvent vapors in 

dendrimer cross-linked GNP films was investigated (Appendix A03.0361). When those 

films were exposed to vapors of solvents with orthogonal solubility a wetting layer was 

formed on top of the films, whereas the bulk of the films remained essentially solvent free.  

 
Figure 5.2.6 a) Transient resistive responses of superlattice films made from dodecanethiol-

stabilized GNPs (~4 nm core diameter) to vapors of toluene, 4-methyl-2-pentanone (4M2P), and 

1-propanol in nitrogen. The vapor concentrations were 50, 1000, 2000, 3000, 4000, 5000, 7500, 

10 000 ppm. The films were deposited onto silicon substrates with interdigitated gold electrodes. 

b) Amplitudes of resistive responses plotted vs. vapor concentration. c) Amplitudes of resistive 

responses to toluene and 4M2P vapors plotted vs. the change in interparticle distances measured by 

GISAXS. The data points are average values from three different samples. Solid and dotted lines 

represent monoexponential and linear curve fits, respectively. Reproduced from Ref. 59 with 

permission from the Royal Society of Chemistry. (DOI: 10.1039/C6TC02412B) 

 

https://pubs.rsc.org/en/content/articlehtml/2016/tc/c6tc02412b
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Figure 5.2.6a shows the resistive response transients of the GNP superlattice films to vapors 

of toluene, 4M2P, and 1-propanol. For each analyte, the resistance increased during vapor 

exposure at all concentrations. Further, the response amplitudes followed the same trends 

as the GISAXS and QCM data: the strongest responses were observed for toluene, 

intermediate responses for 4M2P, and only faint responses for 1-propanol. This behavior 

is also shown by the response isotherms presented in Figure 5.2.6b. Interestingly, these 

isotherms do not indicate saturation behavior with increasing vapor concentration, as 

usually observed for cross-linked GNP films (cf. Figure 5.2.2b). Instead, the isotherms for 

toluene and 4M2P indicate an exponential increase of resistive responses with increasing 

analyte concentration. Linear curve fits to the data within the low concentration range (50-

1000 ppm) revealed sensitivities of 6×10-5 ppm-1, 2×10-5 ppm-1, and 4×10-6 ppm-1 for 

toluene, 4M2P, and 1-propanol, respectively. In Figure 5.2.6c the resistive responses to 

toluene and 4M2P vapors are plotted vs. the increase in interparticle distances which were 

simultaneously measured by GISAXS. In general agreement with the tunneling-based 

charge transport mechanism, the data are consistent with a monoexponential fit function. 

 
Figure 5.2.7 Measured and simulated response isotherms of a GNP superlattice film to toluene, 

4-methyl-2-pentanone (4M2P), and 1-propanol. The simulated isotherms (red and blue data points) 

were obtained using Equations 5.1 and 5.2. Swelling was considered by using the GISAXS-

measured increase in interparticle distances . The change in permittivity r was calculated using 

the relative permittivity of the dodecanethiol ligands (r,i = 2.6) and the volume-weighted 

permittivity of the analyte-swollen ligand matrix. The latter was calculated using the volume of 

sorbed analyte, determined either by QCM or GISAXS measurements (sw,qcm and sw,gis, 

respectively). The data points are average values referring to three different samples. The curve fits 

(solid and dashed lines) were generated using Equations 5.1 and 5.2. Reproduced from Ref. 59 with 

permission from the Royal Society of Chemistry. (DOI: 10.1039/C6TC02412B) 

https://pubs.rsc.org/en/content/articlehtml/2016/tc/c6tc02412b
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Figure 5.2.7 compares the measured resistive response amplitudes to simulated responses, 

which were calculated by inserting the GISAXS-measured increase in interparticle distance 

 and the sorption-induced change in relative permittivity r into Equations 5.1 and 5.2. 

To this end, r was estimated using the relative permittivity of the dodecanethiol ligand 

matrix (r,i = 2.6)62 and the volume-weighted permittivity of the analyte-swollen ligand 

matrix. The latter was calculated using the volume fraction of sorbed analyte determined 

either by QCM- or GISAXS measurements, returning sw,qcm and sw,gis, respectively. In this 

calculation, the relative permittivity of toluene, 4M2P, and 1-propanol was set to 2.4, 13.1, 

and 20.8, respectively. Further, according to the report of Terrill et al., the value of the 

tunneling decay constant  was set to 1.2 Å-1.63 

Qualitatively, the simulated response isotherms and the measured isotherms show the same 

trend, i.e., the response amplitudes decrease in the order toluene > 4M2P > 1-propanol. 

However, the simulated responses to toluene are much higher (by a factor of ~3.5) than the 

measured responses. Similar results have been reported by Steinecker et al., who analyzed 

the resistive responses of GNP films to numerous VOCs based on the QCM-measured 

amount of sorbed analyte.54 Further, as shown in Figure 5.2.7, the simulated responses to 

toluene based on the values of sw,qcm and sw,gis are almost identical. This result is due to 

the similar permittivities of both, the analyte and the ligand matrix. Because of this 

similarity, the sorption-induced change in permittivity is negligible and the simulated 

resistive responses are almost exclusively controlled by the increase in the GISAXS-

measured interparticle distances. 

A better agreement between the simulated and measured responses to toluene can be 

achieved by assuming that analyte sorption decreased the tunneling decay constant . For 

a vapor concentration of 10 000 ppm, a  value of ~0.5 Å-1 provides a good match of the 

simulated data with the experimental data. This  value is significantly lower than the 

tunneling decay constant reported for alkanes (0.9 - 1.3 Å-1)64 suggesting that the absorbed 

toluene molecules are involved in the charge transport mechanism. In fact, the tunneling 

decay constant for the charge transport through aromatic molecules (e.g., 0.4 - 0.5 Å-1 for 

oligophenylenes64) is much smaller than that for alkanes. As discussed in Chapter 3, the 

conductivity of GNP films, which were assembled with aromatic cross-linkers, had much 

higher conductivities than those with non-conjugated cross-linkers (Appendix A04.0465). 

Hence, it is conceivable that absorbed toluene molecules attenuate the swelling-induced 

resistive response by providing additional channels for the charge transport between 

neighboring GNPs.  

For 4M2P vapor, the measured resistive responses presented in Figure 5.2.7 show fairly 

good agreement with the simulated responses. Since the QCM data indicated a somewhat 

higher volume fraction of sorbed 4M2P (cf. Figure 5.2.5b), the permittivity effect is more 

pronounced when using the volume-averaged permittivity sw,qcm for the simulation, in 

contrast to the simulation which is exclusively based on the GISAXS data (i.e., using sw,gis 

as the volume-averaged permittivity). 
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In the case of 1-propanol vapor, the GISAXS-measured increase of the interparticle dis-

tances  was below 0.01 nm (cf. Figure 5.2.5b). Hence, the simulated responses are 

strongly influenced by changes in the permittivity. Using the volume-averaged permittivity 

sw,qcm for the simulation leads to a strong overestimation of the permittivity effect, as 

shown by the negative resistive responses in Figure 5.2.7. As explained above, using the 

QCM data assumes that all gravimetrically detected analyte molecules contributed to the 

volume-averaged permittivity sw,qcm. However, since the GISAXS data indicated almost 

no swelling, it was concluded that a wetting layer of 1-propanol was formed on top of the 

GNP film and only a minor fraction of the analyte was absorbed within the film. Therefore, 

using sw,qcm for the simulation leads to a significant overestimation of the actual permit-

tivity change. In contrast, using the volume-averaged permittivity sw,gis based on the 

GISAXS data, suggests a much smaller permittivity effect. Hence, respective simulated 

data agree much better with the measured response isotherm.  

In conclusion, our experimental studies presented in this section confirm the four hypoth-

eses derived from Equations 5.1 and 5.2: (i) Sorption-induced swelling increases the 

resistance, whereas an increase in permittivity reduces the resistance (Appendix A07.0228, 

A08.0153, A16.0159). (ii) Analytes with low permittivity promote positive resistive 

responses, whereas those with high permittivity promote negative responses (Appendix 

A07.0228, A08.0153). (iii) Soft GNP films promote positive resistive responses, whereas 

rigid films promote negative responses (Appendix A07.0228). (iv) A higher activation 

energy for charge transport correlates with more pronounced negative resistive responses 

(Appendix A08.0153). However, due to the complexity of the molecular-scale structure of 

GNP films and their poorly understood electronic interaction with sorbed analyte 

molecules, the model based on Equations 5.1 and 5.2 predicts the trends of observed 

responses only qualitatively. 

5.3  Sensitivity, Selectivity, and other Features of Gold Nanoparticle Chemiresistors 

In general, the performance of a chemical sensor is characterized by its sensitivity, selec-

tivity, response and recovery time, and dynamic range. Additional features are the baseline 

drift, operation and shelf life-time, power consumption, and geometric dimensions. 

The sensitivity is usually defined as the slope of the response isotherm, i.e., the derivative 

of the sensor signal plotted vs. the analyte concentration.6 Often, the response isotherm is 

nonlinear and follows a saturation function. In this case, the initial slope of the response 

isotherm at low analyte concentrations can provide a useful measure of sensitivity. 

The selectivity is usually defined as the ratio of sensitivities to the analyte and interfering 

species in the mixture.6 Alternatively, the ratio of the binding constants for sorption of 

analyte molecules and interfering species to the sensitive layer can be used.66 In practice, 

however, the selectivity of chemical sensors is usually discussed rather qualitatively, e.g., 

by comparing their relative sensitivities to polar or nonpolar analytes. The ability to tune 

the chemical selectivity of the sensitive layer is an important requirement for the fabrication 

of gas sensor arrays, which are often referred to as electronic noses. Similar to the receptors 
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of the human nose, the sensors used in such arrays have different but partly overlapping 

chemical selectivity. 

GNP-based chemiresistors belong to the class of sorptive chemical sensing elements. As 

such, their sensitivity and selectivity are primarily determined by the partition coefficients 

Kp of the analytes. Kp is defined as the concentration ratio of analyte molecules sorbed in 

the sensitive layer to those in the gas phase. Kp depends on both, the physical properties of 

the analyte and its chemical interactions with the sensitive layer. In general, analytes that 

match the solubility parameters of the sensitive layer have high partition coefficients. 

Additionally, high molecular weight analytes with low vapor pressure favor the condensed 

phase and, hence, give rise to higher Kp values than those with low molecular weight and 

high vapor pressure. Thermodynamic models for Kp based on linear solvation energy 

relationships (LSER) have been applied extensively to study the sensitivity and selectivity 

of polymer-coated acoustic wave sensors.67,68 However, in the case of GNP-based 

chemiresistors, the situation is more complex, due to the above-discussed sensing 

mechanism with counteracting effects of sorption induced swelling and permittivity 

changes. Based on Equations 5.1 and 5.2, Zellers and coworkers proposed a model, which 

relates the resistive responses of GNP films to the partition coefficients of the analytes and 

their gas phase concentrations.54 

The following sections provide an overview on a series of own studies addressing the sen-

sitivity, chemical selectivity, and other features of chemiresistors based on cross-linked 

GNP films. Cross-linking the GNPs with bi- or polyfunctional linker molecules offers 

several advantages which are difficult to achieve with non-cross-linked GNP films:  

(i) Cross-linking enables the well-controlled fabrication of homogeneous sensitive layers 

via layer-by-layer self-assembly69 (Appendix A03.0250), layer-by-layer spin-coating 

(Appendix A11.0170), or the controlled precipitation method.71,72 Hence, thickness and 

sheet resistance of the sensitive layers can be adjusted precisely. (ii) Cross-linked GNP 

films are mechanically more stable than their non-cross-linked counterparts. Hence, they 

are better suited for applications in flexible and wearable electronics requiring 

mechanically flexible but robust materials. (iii) Chemiresistors based on non-cross-linked 

GNP films show baseline drifts, which have been attributed to migration of GNPs.21 Hence, 

cross-linking the GNPs enables more stable operation. However, as discussed above, cross-

linking confines the ability of the films to swell during analyte sorption. Thus, 

chemiresistors based on cross-linked GNP films are usually less sensitive than their non-

cross-linked counterparts and have a narrowed dynamic range. 

5.3.1 Chemiresistors Based on Dendrimer Cross-Linked Gold Nanoparticles  

Dendrimers are molecules with a symmetrically branched architecture. The structural 

design of dendrimers is illustrated in Figure 5.3.1, presenting the molecular structures of 

three different types of dendrimers. In these dendrimers the number of branches and, hence, 

the number of exo-type functional groups doubles with each succeeding generation. 

High-generation dendrimers usually adopt an ellipsoidal or spherical shape. Due to the pro-

gressive branching with increasing generation number, the surface of high-generation 
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dendrimers is crowded with exo-type functional groups, while the interior is less densely 

filled. Therefore, high-generation dendrimers can be used as nanocontainers, e.g., for drug 

delivery and drug targeting, or for contrast agents in biomedical imaging.73–75 To aid such 

applications, bioactive molecules can be coupled to the dendrimers’ exo-type surface 

groups. In other works, dendrimers have been loaded with catalytically active molecules or 

metal nanoparticles. Applications of such loaded dendrimers in homogeneous phase 

catalysis have been studied extensively.76 Furthermore, dendrimer-capped nanoparticles 

are also promising candidates for applications in bioimaging, drug delivery, and chemical 

sensing.77 

 
Figure 5.3.1 a) Molecular structures of poly(propyleneimine) (PPI) dendrimers, generations 1 to 3 

(G1, G2, G3). With each generation the number of branches and exo-type functional groups 

doubles. b) Molecular structure of a poly(amidomine) (PAMAM) dendrimer, generation 3 (G3).  

c) Structure of a polyphenylene (PPh) dendrimer, generation 2 (G2). Reproduced with permission 

from Ref. 80: Vapor Sorption and Electrical Response of Au-Nanoparticle-Dendrimer Composites, 

N. Krasteva et al., Adv. Funct. Mater. 2007, 17, 881. © 2007 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. (DOI: 10.1002/adfm.200600598) 

https://doi.org/10.1002/adfm.200600598
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Besides the above-mentioned applications, different types of chemical sensors have been 

fabricated by depositing dendrimers onto suitable substrates. For example, several groups 

reported the fabrication of electrochemical biosensors via layer-by-layer deposition of den-

drimers and enzymes.78 Here, dendrimers form the scaffolds for enzyme immobilization 

and enable the layer-by-layer deposition of the sensitive layer. Further, they enable the co-

deposition of metal nanoparticles and other nanomaterials to facilitate the charge transport 

process. In another study, Müllen and coworkers investigated sorption of analyte molecules 

from the gas phase in polyphenylene (PPh) dendrimer films.79 Quartz crystal microbalances 

(QCMs) coated with these dendrimers enabled the highly selective and sensitive gravi-

metric detection of volatile aromatic compounds. 

In a series of own studies, we explored the application of dendrimer cross-linked GNP films 

as chemiresistive vapor sensors. These studies were motivated by two main ideas: First, we 

intended to utilize the well-known host-guest chemistry of dendrimers, which was 

previously studied in solution phase, for the selective detection of analytes in the gas phase. 

Second, by employing the dendrimers as cross-linkers for the deposition of GNP films, we 

intended to provide sensitive layers that enable a simple resistive signal transduction. In 

our studies we used three different types of dendrimers: (i) hydrophobic polyphenylene 

(PPh) dendrimers; (ii) amphiphilic poly(propyleneimine) (PPI) dendrimers, and (iii) 

hydrophilic poly(amidoamine) (PAMAM) dendrimers. The structures of these dendrimers 

are presented in Figure 5.3.1. All chemiresistors used in these studies were fabricated using 

the layer-by-layer self-assembly approach. 

Figure 5.3.2 presents the resistive responses of dendrimer cross-linked GNP films to vapors 

of toluene, 1-propanol, and water (Appendix A02.0225). These solvents have similar vapor 

pressures (~29, ~20, and ~23 mbar at 20 °C, respectively). Therefore, their partition coef-

ficients for sorption in different film materials are mainly governed by differences of their 

solubility parameters. Hence, these analytes are well suited for studying the chemical 

selectivity of vapor sensing chemiresistors.  

The transients presented in Figure 5.3.2 show that the three GNP films responded with a 

fast and reversible increase in resistance to the three test vapors (except for the PAMAM 

cross-linked GNP film, which did not show any measurable response to toluene). 

According to the above-discussed chemiresistor model, the positive resistive responses 

indicate that sorption-induced swelling of the GNP films was the dominating effect of the 

sensing mechanism. For the flexible PPI and PAMAM dendrimers this behavior is 

conceivable, but a different behavior may have been expected for the shape persistent PPh 

dendrimers. However, the PPh dendrimers were functionalized with thioctic acid residues 

(cf. Figure 5.3.1c) to provide gold-binding disulfide groups. These residues comprise a 

flexible alkylene chain which can enable sorption-induced swelling of the GNP film. 

The amplitudes of the transient responses as well as the response isotherms presented in 

Figure 5.3.2 reveal that the chemical selectivity of the GNP films was controlled by the 

solubility properties of the dendrimers. The sensitivity of the PPh dendrimer cross-linked 

film decreased in the order toluene > propanol >> water. In striking contrast, the selectivity 

of the PAMAM cross-linked film was reversed. Here, the sensitivity followed the order 
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water > propanol >> toluene. In fact, dosing such films with 5000 ppm toluene vapor did 

not result in any measurable change in resistance (cf. response transients in Figure 5.3.2c). 

 
Figure 5.3.2 Resistive responses of dendrimer cross-linked GNP films to vapors of toluene, 

1-propanol, and water. The core size of the GNPs was ~4 nm. The figure parts show the response 

transients and isotherms of GNP films cross-linked with a) PPh-G2 dendrimers, b) PPI-G4 

dendrimers, and c) PAMAM-G3 dendrimers. The films had thicknesses of 68, 24, and 19 nm, 

conductivities of 10-6, 10-3, and 19-5 -1cm-1, respectively, and were deposited onto glass substrates 

with interdigitated gold electrodes. The response transients refer to vapor concentrations of 

5000 ppm. The sensitivities (initial slope of the isotherms) are given in parenthesis. In all 

experiments, purified dried air was used as the carrier gas. Adapted with permission from Ref. 25: 

Self-Assembled Gold Nanoparticle/Dendrimer Composite Films for Vapor Sensing Applications,  

N. Krasteva et al., Nano Lett. 2002, 2, 551. Copyright 2002 American Chemical Society. (DOI: 

10.1021/nl020242s) 

https://doi.org/10.1021/nl020242s
https://doi.org/10.1021/nl020242s
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Using neutron reflectometry, we confirmed that water easily penetrates the PAMAM cross-

linked GNP film, whereas toluene forms a wetting layer on top of the film while the film’s 

interior essentially remains free of analyte (see Appendix A03.0361). The PPI cross-linked 

GNP film showed an intermediate chemical selectivity pattern, as the sensitivities followed 

the order 1-propanol > toluene > water. Taken together, this study clearly demonstrated 

that the chemical selectivity of GNP based chemiresistors can be tuned by simply varying 

the solubility properties of the cross-linking molecules. 

Compared to the other two films, the PPh cross-linked GNP film showed much higher 

sensitivities. Its sensitivity to toluene (~10-4 ppm-1) was comparable to that of above-

discussed films of non-cross-linked dodecanethiol-stabilized GNPs (cf. Figure 5.2.6) and 

one order of magnitude higher than that of the PPI and PAMAM cross-linked films to 

1-propanol and water vapor, respectively. In a previous study, we showed that the limit of 

detection for toluene was below 5 ppm (Appendix A02.0181). Further, the sensitivity of the 

PPh cross-linked film to 1-propanol (~10-5 ppm-1) was still comparable to the highest 

sensitivities of the other two films. Previously, Schlupp et al. demonstrated that QCM 

transducers coated with functionalized PPh dendrimers selectively absorb volatile aromatic 

compounds.79 This finding was attributed to the shape persistent, branched PPh structure 

which provides voids for the selective incorporation of aromatic guest molecules. It was 

suggested, that - stacking may play an important role in the selective binding of aromatic 

compounds.  

In a subsequent study, we investigated the sorption characteristics and resistive responses 

of PPh cross-linked GNP films in more detail (Appendix A07.0180). For this purpose, the 

GNP films were deposited onto QCM transducers via layer-by-layer self-assembly using 4 

nm sized dodecylamine-stabilized GNPs and PPh dendrimers of generation 1 (G1) and 2 

(G2). In addition, chemiresistors were fabricated by depositing the same materials onto 

silicon substrates with interdigitated electrodes. Figure 5.3.3 shows the response isotherms 

of the two GNP films for both types of transducers. Toluene, tetrachloroethylene (TCE), 

1-propanol, and water were used as test vapors. Dried air was used as carrier gas. In figure 

parts a) and b) the gravimetrically measured concentration of analyte molecules within the 

sensitive layer is plotted against the vapor concentration. 

As indicated by the curve fits, the QCM data follow a Langmuir-Henry sorption model, 

according to the following equation: 

b vaporsat

film film p vapor

b vapor1

K c
c c K c

K c
= +

+
      (5.3) 

Here, filmc  and vaporc are the analyte concentrations in the film and in the vapor phase, 
sat

filmc  

is the analyte concentration within the film at saturation according to the Langmuir model, 

Kb is the Langmuir binding constant, and Kp is the Henry partition coefficient. In principle, 

the same model can be applied to analyze the response isotherms of the chemiresistors 

shown in figure parts c) and d). The respective sorption parameters, which were extracted 

as fit parameters, are presented in Table 5.3.1. The data referring to water were excluded 

from the analysis, due to the low sensitivity of the sensors to this analyte.  
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Figure 5.3.3 a,b) Analyte uptake as a function of vapor concentration. These measurements were 

done using QCM transducers coated with GNP films cross-linked with PPh dendrimers of 

generation 1 (PPh-G1) and 2 (PPh-G2). The GNPs had a core size of ~4 nm and the film thicknesses 

were ~100 nm. c,d) Response isotherms of corresponding chemiresistors. For these measurements 

the GNP films were deposited onto silicon substrates with interdigitated gold electrodes. In each 

panel the solid lines are fits according to the Langmuir-Henry sorption model (Equation 5.3). 

Reproduced with permission from Ref. 80: Vapor Sorption and Electrical Response of Au-

Nanoparticle-Dendrimer Composites, N. Krasteva et al., Adv. Funct. Mater. 2007, 17, 881. © 2007 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (DOI: 10.1002/adfm.200600598)  

 
Table 5.3.1 Sorption parameters extracted from the fits to the data shown in Figure 5.3.3. 

Reproduced with permission from Ref. 80: Vapor Sorption and Electrical Response of Au-

Nanoparticle-Dendrimer Composites, N. Krasteva et al., Adv. Funct. Mater. 2007, 17, 881. © 2007 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (DOI: 10.1002/adfm.200600598) 

Film Analyte

K p K b / L mol-1 cfilm
sat/ mol L-1 K p

R / % L mol-1 K b / L mol-1 (R /R i)
sat /%

Toluene 1038 3.6 × 104 0.21 4.4 × 104 3.2 × 104 5.7

TCE 1204 3.9 × 104 0.21 3.5 × 104 2.9 × 104 4.8

1-Propanol 609 1.4 × 104 0.12 1.6 × 104 1.6 × 104 2.2

Toluene 1244 5.7 × 104 0.33 7.2 × 104 7.2 × 104 8.3

TCE 1407 5.7 × 104 0.28 5.8 × 104 5.8 × 104 7.1

1-Propanol 793 1.8 × 104
0.17 2.3 × 104 2.3 × 104

2.7

QCM Sensor Chemiresistor

GNP/PPh-G1

GNP/PPh-G2

https://doi.org/10.1002/adfm.200600598
https://doi.org/10.1002/adfm.200600598
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The QCM data reveal a similar sorption behavior as previously reported for pure PPh den-

drimer films deposited onto QCM transducers, suggesting that sorption of VOCs was 

mainly controlled by the properties of the dendrimers.79 Further, the Henry partition 

coefficients Kp are comparable to those reported for non-interlinked, thiol-stabilized GNP 

films.82 In general agreement with the selectivity of PPh cross-linked GNP films, the Kp 

values decrease in the order TCE > toluene >> 1-propanol. In addition, the Kp values reveal 

that the film with the larger PPh-G2 dendrimers absorbs more analyte molecules with 

increasing vapor concentration than the film with the smaller PPh-G1 dendrimers. The 

same trends are observed for the binding constants Kb as well as the cfilm
sat- and (R/Ri)

sat-

values for the QCM sensors and chemiresistors, respectively. Here, the similarity of the Kb 

values for the different sensor types indicates that the resistive responses are directly 

correlated with the amount of sorbed analyte. 

The Kp
R values are a measure of the chemiresistors’ sensitivity at high vapor 

concentrations. Again, their order (toluene > TCE >> 1-propanol) is in general agreement 

with the pronounced selectivity of the films for nonpolar analytes. In agreement with the 

corresponding QCM measurements, these data reveal higher sensitivities of the 

chemiresistor comprising the larger PPh-G2 dendrimers. However, comparing the Kp
R to 

the Kp data reveals that the order of respective values for toluene and TCE is reversed. 

Thus, sorption of toluene seems to cause more effective swelling and, therefore, stronger 

resistive responses than TCE. 

 
Figure 5.3.4 a,b) Correlation of chemiresistor responses with the concentration of analyte 

molecules sorbed within the PPh cross-linked GNP films. The films were cross-linked with PPh 

dendrimers of generation 1 (PPh-G1) and 2 (PPh-G2), as indicated. Reproduced with permission 

from Ref. 80: Vapor Sorption and Electrical Response of Au-Nanoparticle-Dendrimer Composites, 

N. Krasteva et al., Adv. Funct. Mater. 2007, 17, 881. © 2007 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. (DOI: 10.1002/adfm.200600598) 

Figure 5.3.4 shows that the resistive responses of both film materials correlate linearly with 

the concentration of sorbed analyte molecules. Regardless of the dendrimer size, the same 

https://doi.org/10.1002/adfm.200600598
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concentration of the same analyte resulted in roughly the same resistive response. Further, 

the slope of the correlation graphs decreases in the order toluene > TCE > 1-propanol. This 

trend is in general agreement with the above-discussed sensing mechanism (Equations 5.1 

and 5.2), since the relative permittivity of the analytes increases in the same order (2.4  

2.6 < 20.8, respectively). However, also the molecular volume of the analytes, which 

decreases in the same order, may contribute to the observed trend. At a given concentration 

of sorbed analyte, larger analyte molecules are expected to give rise to stronger swelling. 

The linear correlation of the resistive responses with the concentration of sorbed analyte 

molecules observed in Figure 5.3.4 is attributed to the following effects: First, the 

interparticle distances are expected to scale with the cube route function of the volume of 

absorbed analyte molecules.59 Second, the highest concentration of absorbed toluene 

molecules corresponds to only ~4% of the film volume and, due to void filling, only a 

fraction of this analyte volume contributes to film swelling. Hence, the increase in 

interparticle distances is very small and the resulting increase in resistance is well described 

by a linear approximation of the above-discussed model based on Equations 5.1 and 5.2. 

The above-presented data revealed that analyte sorption in PPh dendrimer cross-linked 

GNP films follows a Langmuir-Henry sorption model. Further, the chemiresistive 

responses are directly proportional to the concentration of sorbed molecules (within the 

considered concentration rage). The Langmuir-Henry characteristics can be explained 

qualitatively by assuming that the GNP films comprise regions with different degrees of 

cross-linking. On the one hand, regions with a high degree of cross-linking are expected to 

be less flexible. These regions provide a limited number of sorption sites and have only 

limited ability to swell during analyte sorption. Hence, analyte sorption within these highly 

cross-linked regions follows the Langmuir model. On the other hand, regions with a low 

degree of cross-linking are more flexible and are more prone to sorption-induced swelling. 

Hence, these regions can absorb more analyte molecules and sorption follows Henry’s law 

of bulk partitioning.  

In another project, we studied how the vapor-sensing properties of PPI cross-linked GNP 

films depend on the dendrimers’ size (Appendix A03.0126, A04.0127). To this end, 

chemiresistors were fabricated via layer-by-layer self-assembly using dedecylamine-

stabilized GNPs with a core size of ~4 nm and PPI dendrimers of generation G1 to G5 (cf. 

Figure 5.3.1a). The five films were prepared by applying ten deposition cycles. Further, the 

dendrimer solutions used for film assembly had the same concentration with respect to exo-

type amino groups (i.e., the dendrimer concentration was halved with each increase of the 

generation number). The resulting film thicknesses increased with increasing size of the 

dendrimers and ranged from ~20 to ~30 nm. At the same time, the films’ resistivities 

increased by two orders of magnitude, i.e., from 101 to 103  cm for the PPI-G1 and PPI-

G5 cross-linked films, respectively (cf. Chapter 3, Figure 3.2.9). 

Figure 5.3.5a shows the resistive responses of the PPI cross-linked GNP films to toluene, 

1-propanol, and water at a vapor concentration of 5000 ppm. The chemical selectivity 

strongly depends on the size of the PPI dendrimers. For the dendrimers of generation G1 

to G3 the data indicate an increase in sensitivity in the order toluene < 1-propanol < water. 
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For the larger dendrimers (G4, G5), this order changes to toluene < water < 1-propanol. 

Further, for both, toluene and 1-propanol, a significant increase in sensitivity is observed 

with increasing generation number (G2-G5). In contrast, the sensitivity to water does not 

follow this trend and remains rather unchanged. This behavior is also observed at different 

vapor concentrations (100 - 5000 ppm), as seen in figure parts b), c), and d). Here, the 

trends observed for toluene and 1-propanol are very similar, but the sensitivity to 1-

propanol vapor is about one order of magnitude higher. 

 
Figure 5.3.5 a) Transient responses of five chemiresistors based on PPI dendrimer cross-linked 

GNP films to vapors of toluene, 1-propanol, and water. In each experiment the analyte 

concentration was 5000 ppm. Purified and dried air was used as carrier gas. The films were 

deposited onto glass or silicon substrates with interdigitated gold electrodes via layer-by-layer self-

assembly using GNPs with a core size of ~4 nm and PPI dendrimers of generation G1 to G5 as 

cross-linkers. Panels b), c), and d) present the amplitudes of responses to toluene, 1-propanol, and 

water, respectively, at four different vapor concentrations. Adapted with permission from Ref. 26: 

Gold Nanoparticle/PPI-Dendrimer Based Chemiresistors: Vapor-Sensing Properties as a Function 

of the Dendrimer Size, N. Krasteva et al., Sensors Actuators, B Chem. 2003, 92, 137. © 2003 

Elsevier Science B.V. All rights reserved. (DOI: 10.1016/S0925-4005(03)00250-8) 

In order to explain these findings, it was suggested that toluene and 1-propanol are 

preferably “solvated” within the interior of the dendrimers. Hence, the sensitivity to these 

analytes increased strongly with increasing volume of the dendrimers. The significantly 

https://doi.org/10.1016/S0925-4005(03)00250-8


CHAPTER 5 

170 
 

higher sensitivity observed for 1-propanol was attributed to the better match of its solubility 

to the dendrimers’ interior structure, including the possible formation of hydrogen bonds 

with the ternary amino groups forming the branching points of the dendrimer. Further, to 

explain the rather unvaried sensitivity to water, it was assumed that the binding sites for 

water molecules are mainly provided by the primary amino groups at the dendrimers’ 

surface. Due to their highly polar character, these groups are well suited for binding water 

molecules via hydrogen bonds. Because the dendrimer solutions used for film assembly 

had the same concentration of primary amino groups, it was assumed that the same 

concentration of these groups was also preserved in the resulting GNP/PPI film materials. 

Thus, the unvaried sensitivity to water was attributed to the unchanged concentration of the 

primary binding sites for this analyte. 

In conclusion, the results of the above-presented studies revealed that both, the sensitivity 

and selectivity of dendrimer cross-linked GNP chemiresistors, can be adjusted by varying 

the solubility properties and the size of the dendrimers. Increasing the size of the 

dendrimers increases the sensitivity to analytes which are assumed to be sorbed within the 

interior structure of the dendrimers. 

5.3.2  Sensitive Coatings of Alkanedithiol Cross-Linked Gold Nanoparticles 

Several research groups studied the performance of chemiresistors based on ,-

alkanedithiol cross-linked GNPs.23 We presented the first systematic studies in which the 

sensing performance was investigated as a function of the linker’s chain length (Appendix 

A030250, A040251). Figure 5.3.6a shows the resistive responses of ,-alkanedithiol cross-

linked GNP films to toluene vapor at a concentration of 5000 ppm. These responses are 

remarkably fast and fully reversible. For some sensors, the measured t90 response times 

were below 1 s. Further, each sensor responded with an increase in resistance and the signal 

amplitudes increased significantly with increasing length of the cross-linker. Comparing 

the response of the 1,12-dodecanedithiol (C12) cross-linked film to the corresponding data 

presented in Figures 5.2.2a and 5.2.3b indicates a significantly reduced sensitivity. This 

finding is possibly due to the different batches of GNPs and cross-linkers, which were used 

for sensor fabrication and which may have led to different degrees of cross-linking. 

Figure part 5.3.6b presents the response isotherms for toluene vapor. Here, a different set 

of sensors was used, explaining the slight deviations from the response amplitudes 

presented in Figure 5.3.6a. In contrast to the corresponding response isotherms of the PPh 

cross-linked GNP films (cf. Figure 5.3.3 and Equation 5.3), the data could be fitted with a 

simple first order Langmuir model, according to the following equation: 

sat

b vapor

i i b vapor1

K cR R

R R K c

  
=  

+ 
       (5.4)  

The response amplitudes at saturation (R/Ri)
sat and the binding constant Kb were extracted 

as fit parameters and are presented in Figure 5.3.6b. While the values of Kb do not indicate 

a trend, the values of (R/Ri)
sat increased significantly with increasing length of the linker. 

Note, these values cannot be compared directly to the corresponding values of the PPh 
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cross-linked GNP films presented in Table 5.3.1, as two different models have been used 

for data analysis. However, similar as observed for the PPh cross-linked films (cf. Figure 

5.3.3), the sensitivities S increased significantly with increasing size of the linker 

molecules. According to the above-discussed chemiresistor model, this increase in 

sensitivity was attributed to the increasing ability of the films to swell during analyte 

sorption. Overall, the sensitivities are comparable to those reported for the dendrimer cross-

linked GNP films (cf. Figure 5.3.2). 

 
Figure 5.3.6 Resistive responses of ,-alkanedithiol cross-linked GNP films. a) Transient re-

sponses to toluene vapor at 5000 ppm. b) Response isotherms for toluene vapor. Dashed lines are 

fits to the data according to the first order Langmuir model (Equation 5.4). c) Amplitudes of 

transient responses to different vapors at 5000 ppm. In all experiments, purified and dried air was 

used as carrier gas. The GNPs had a core diameter of ~4 nm and the film thicknesses were within 

the range of ~30 to ~50 nm. The films’ conductivity increased with increasing linker length from 

~10-1 to ~10-5 -1 cm-1. All films were prepared via layer-by-layer self-assembly using glass 

substrates with interdigitated gold electrodes. Adapted with permission from Ref. 51: Gold-

Nanoparticle/Dithiol Films as Chemical Sensors and First Steps toward Their Integration on Chip, 

T. Vossmeyer et al., Physical Chemistry of Interfaces and Nanomaterials III. SPIE, 5513, 202. 

Copyright 2004 Society of Photo-Optical Instrumentation Engineers (SPIE). (DOI: 

10.1117/12.559083) 

Following our study, Zhong and coworkers fabricated chemiresistors using a one-step 

precipitation approach in which decanethiol-capped GNPs were reacted with ,-alkane-

https://doi.org/10.1117/12.559083
https://doi.org/10.1117/12.559083
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dithiols of different chain lengths.31 In general agreement with our findings, the sensitivity 

of these films to nonpolar solvents increased with increasing length of the cross-linker. 

However, the effect was less pronounced than in our study and only obvious when the 

length of the linker molecules approached the length of the initial decanethiol ligand. 

Figure 5.3.6c presents the signal amplitudes of ,-alkanedithiol cross-linked GNP films 

for different solvent vapors and water at a concentration of 5000 ppm. For all films the 

responses to water were negligible. Further, each film responded with an increase in 

resistance to all three organic vapors, indicating that swelling of the films was the 

overriding component of the sensing mechanism. When the length of the cross-linker 

corresponded to 9 or more methylene units very similar response patterns were obtained, 

i.e., high sensitivity to toluene and significantly reduced sensitivities to 1-propanol and 

4-methyl-2-pentanone (4M2P). Obviously, the nonpolar hydrophobic character of the long 

alkylene chains controlled the films’ chemical selectivity. Qualitatively, these findings 

agree with the data shown for the 1,12-dodecanethiol cross-linked GNP films in Figures 

5.2.2a and 5.2.3b, although some deviations are observed when comparing the relative 

sensitivities to the three analytes more quantitatively. The 1,9-nonanedithiol cross-linked 

film still showed the highest sensitivity to toluene, but the difference to the sensitivities for 

1-propanol and 4M2P was less pronounced. Finally, the 1,6-hexanedithiol film showed the 

highest sensitivity to 1-propanol, followed by toluene, and 4M2P. Similar observations 

have been reported in our previous study on ,-alkanedithiol cross-linked GNP films 

(Appendix A03.0250). Obviously, with decreasing alkylene chain length, the cross-linkers’ 

sulfhydryl groups, which have a polar character and the ability to form hydrogen bonds, 

became more important for setting the overall chemical selectivity. Using X-ray 

photoelectron spectroscopy (XPS) we showed that ,-alkanedithiols cross-linked GNP 

films comprise indeed numerous free sulfhydryl groups (Appendix A03.0250). 

In another study, we investigated the resistive responses of 1,9-nonanedithiol cross-linked 

GNP films to ammonia and carbon monoxide (Appendix A04.0347). Figure 5.3.7a shows 

the responses to toluene, water, ammonia, and carbon monoxide at a concentration of 400 

ppm. The response/recovery kinetics for the gases are significantly slower than those for 

the vapors. Slow response/recovery characteristics are also observed at very low ammonia 

concentrations, as shown in Figure 5.3.7b. Here, the gas concentration was 300 ppb. For 

comparison, the response of a film consisting of 1,9-nonanedithiol cross-linked platinum 

nanoparticles (PNPs) is shown, revealing somewhat higher sensitivity but very similar 

response/recovery kinetics. 

Figure 5.3.7c presents the response isotherms to toluene vapor and ammonia. Obviously, 

these isotherms indicate a distinct sorption behavior for the two analytes. In agreement with 

the data presented in Figure 5.3.6b the isotherm for toluene followed the first order 

Langmuir model. In contrast, the isotherm for ammonia reveals a steeper initial increase 

and reaches saturation very early. This behavior suggests a stronger binding of ammonia to 

the sensitive layer. In addition, the data indicate somewhat better agreement with a second 

order Langmuir model than with the first order Langmuir model. Similar response 

characteristics were observed for carbon monoxide. Hence, as illustrated in Figure 5.3.7d, 
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it was proposed that ammonia and carbon monoxide bind to free sites (“A”) at the metal 

surface of the GNPs, whereas toluene and water bind to the alkylene chains (sites “B”) and 

the sulfhydryl groups (sites “C”) of the cross-linker, respectively. However, it remains 

unclear why sorption of ammonia and carbon monoxide increased the film’s resistance. 

Possibly, swelling is again the dominating part of the sensing mechanism. However, other 

unknown electronic effects, which may lead to an overall increase of the Coulomb charging 

energies, may also be involved. 

 
Figure 5.3.7 a) Resistive responses of a 1,9-nonanedithiol cross-linked GNP film to toluene, water, 

ammonia, and carbon monoxide at 400 ppm. b) Resistive response to ammonia at 300 ppb. The 

response of a film consisting of 1,9-nonanedithiol cross-linked platinum nanoparticles (PNPs) is 

shown for comparison. c) Response isotherms of the GNP film for toluene and ammonia. The solid 

lines are fits to the data according to the first order Langmuir model. The dashed line is a fit 

according to the second order Langmuir model. d) Schematic of different types of binding sites, A, 

B, and C within the sensitive layer. The GNPs had a core diameter of ~4 nm and the thickness of 

the GNP film was ~31 nm. The PNP core size was ~3 nm and the thickness of the PNP film was 

~66 nm. The films were prepared via layer-by-layer self-assembly on glass substrates with 

interdigitated gold electrodes. Test vapors and gases were applied using dried air and nitrogen as 

carrier gas, respectively. Adapted with permission from Ref. 47: Chemiresistor Coatings from Pt- 

and Au-Nanoparticle/Nonanedithiol Films: Sensitivity to Gases and Solvent Vapors, Y. Joseph et 

al., Sensors Actuators, B Chem. 2004, 98, 188. © 2003 Elsevier Science B.V. All rights reserved. 

(DOI: 10.1016/j.snb.2003.10.006) 

https://doi.org/10.1016/j.snb.2003.10.006
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5.3.3  Influence of Strain on Chemiresistive Responses 

As described in Chapter 4, GNP films on flexible substrates are well suited for applications 

as resistive strain sensors. Hence, several research groups studied how the performance of 

GNP-based chemiresistors is influenced by cross-sensitivity to strain. For example, Zhong 

and coworkers deposited GNP films onto flexible polyethylene terephthalate (PET) 

substrates and observed that the surrounding vapor atmosphere can alter the resistive 

responses to strain.83 In a subsequent study, they reported that the resistive responses to 

different vapors can be tuned by straining the sensor.43 Later, this idea was used by Haick 

and coworkers to tune the response characteristics of a GNP-based chemiresistor array. 

They demonstrated the application of such sensor arrays for the diagnosis of ovarian 

carcinoma from exhaled breath.34 

In one of our own studies, we fabricated chemiresistors via layer-by-layer self-assembly 

using ~4 nm sized GNPs and 1,9-nonanedithiol (C9) as well as pentaerytritol tetrakis(3-

mercaptopropionate) (PTM) as cross-linker (Appendix A12.01).44 High-density poly-

ethylene (HDPE) sheets were used as flexible substrates. The sensor design and the 

molecular structures of the cross-linkers are illustrated in Figure 5.3.8.  

 
Figure 5.3.8 a) Design and dimensions of a flexible GNP-based chemiresistor. b) Molecular 

structures of cross-linkers used for sensor fabrication (C9: 1,9-nonanedithiol; PTM: pentaerytritol 

tetrakis(3-mercaptopropionate). Adapted with permission from Ref. 44: Cross-Linked Gold 

Nanoparticles on Polyethylene: Resistive Responses to Tensile Strain and Vapors, N. Olichwer et 

al., ACS Appl. Mater. Interfaces 2012, 4, 6151. Copyright 2012 American Chemical Society. (DOI: 

10.1021/am301780b) 

Figure 5.3.9a presents the transient responses of the sensors to vapors of toluene, 4-methyl-

2-pentanone (4M2P), 1-propanol, and water at concentrations ranging from 100 to 10 000 

ppm. The selectivity observed for the C9 cross-linked film corresponds to the nonpolar 

hydrophobic character of the cross-linker and resembles the selectivity of the 1,12-dode-

canedithiol cross-linked GNP films on silicon substrates (cf. Figures 5.2.2 and 5.2.3). 

Compared to C9 cross-linked GNP films on glass substrates (cf. Figure 5.3.6c) the response 

amplitudes to 4M2P and 1-propanol reveal some deviation. For vapor concentrations below 

2000 ppm the response transients have an almost ideal rectangular shape. With increasing 

https://doi.org/10.1021/am301780b
https://doi.org/10.1021/am301780b
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concentration of the analytes (>2000 ppm) the responses to toluene and 4M2P are slowed 

down and the responses to 1-propanol indicate a slight signal decay, after the steep initial 

increase in resistance.  

After switching back from test vapor to carrier gas, a remarkable overshooting of the signals 

is observed. Previously, such behavior has occasionally been observed for GNP films on 

silicon or glass substrates (cf. Figures 5.3.6a and 5.3.7a). Here, this signature is more 

pronounced, especially for the polar analytes 4M2P and 1-propanol. According to the 

above-discussed chemiresistor model, this behavior was attributed to trapping of analyte 

molecules within voids, leading to an increased permittivity in the GNPs’ environment and, 

therefore, to a decrease in resistance. The overall response kinetics suggest that, after 

switching back to carrier gas, the initial interparticle distances are quickly restored while 

the desorption of trapped analyte molecules from voids proceeds at a much slower rate. 

 
Figure 5.3.9 a) Resistive responses of cross-linked GNP films on flexible HDPE substrates to 

vapors of toluene, 4-methyl-2-pentanone (4M2P), 1-propanol, and water (concentrations: 100, 300, 

500, 1000, 2000, 3000, 4000, 5000, 7500, 10 000 ppm). Nitrogen was used as carrier gas. The upper 

and lower figure parts refer to sensors cross-linked with 1,9-nonanedithiol (C9) and pentaerytritol 

tetrakis(3-mercaptopropionate) (PTM), respectively. The GNPs had a core size of ~4 nm and the 

film thickness was ~90 and ~70 nm, respectively. b) Response isotherms of C9 and PTM cross-

linked GNP films for the four test vapors. The solid lines are fits to the data according to the 

Langmuir-Henry model (Equation 5.3). Insets show linear fits to the data in the low concentration 

regime. Adapted with permission from Ref. 44: Cross-Linked Gold Nanoparticles on Polyethylene: 

Resistive Responses to Tensile Strain and Vapors, N. Olichwer et al., ACS Appl. Mater. Interfaces 

2012, 4, 6151. Copyright 2012 American Chemical Society. (DOI: 10.1021/am301780b) 

https://doi.org/10.1021/am301780b
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The response amplitudes of the PTM cross-linked GNP film (Figure 5.3.9a, lower part) 

reveal a different chemical selectivity, which was attributed to the four polar ester groups 

of the cross-linker’s structure. Here, the highest sensitivity is observed for 1-propanol, 

followed by 4M2P and toluene. Also, the sensitivity to water was significantly higher than 

in the case of the C9 cross-linked film. Additionally, the response kinetics observed for the 

organic analytes are slowed down. This behavior was attributed to a higher degree of cross-

linking by the tetradentate PTM cross-linker, causing more steric hindrance and, thus, 

slower diffusion of analyte molecules within the film. As a consequence, the overshooting 

of the signal, after switching back to carrier gas, could only be observed for the smaller and 

polar analytes 1-propanol and water. 

Figure 5.3.9b shows the response isotherms for the C9 and PTM cross-linked GNP films 

for all four analytes. Interestingly, it was impossible to fit a first order Langmuir model to 

the data, as it was done in the case of the ,-alkanedithiol cross-linked GNP films on 

silicon and glass substrates (cf. Figures 5.3.6b and 5.3.7c). This finding suggests that the 

polymer substrate itself was involved in the analyte sorption process. The combined 

Langmuir-Henry model, which was used to fit the data of the PPh dendrimer cross-linked 

GNP films (cf. Equation, 5.3, Figure 5.3.3), showed good agreement with the experimental 

data, as indicated by the solid lines in Figure 5.3.9b. In agreement with our above-discussed 

interpretation of the transient response kinetics, Langmuir-type sorption at low vapor 

concentrations and Henry-type sorption at higher concentration has also been observed for 

sorption of gases and vapors in glassy polymer membranes comprising free-volume 

voids.84,85 

For all analyte/film pairs the Langmuir binding constants Kb were in the order of ~104 

L mol-1 and, hence, comparable to those observed for the PPh dendrimer cross-linked films 

(cf. Table 5.3.1). The sensitivities were determined as the slopes of linear curve fits to the 

data for low analyte concentrations (cf. Figure 5.3.9b, insets) and ranged from ~10-6 to 10-5 

ppm-1. These values fall into the same range as the sensitivities observed for ,-

alkanedithiol and dendrimer cross-linked GNP films on silicon and glass substrates (cf. 

Figures 5.3.2 and 5.3.6). Also, Zhong and coworkers reported similar sensitivities for GNP-

based chemiresistors deposited onto polyethylene terephthalate (PET) substrates.86 

Figure 5.3.10a shows the resistive responses of a C9 cross-linked GNP film to organic 

vapors at a concentration of 10 000 ppm with and without applied tensile strain. For each 

analyte the applied strain of 1% resulted in a reversible increase of the response amplitude 

by ~30 %. As revealed by the transients in Figure 5.3.10b, a similar increase of the response 

amplitudes was also observed for lower vapor concentrations (100 - 1000 ppm). Increasing 

the applied strain to 2 % resulted in a ~35 % gain of the response amplitude. Further 

increasing the strain to 3 %, however, attenuate the strain-induced gain of the response 

amplitude somewhat (Appendix A12.0144). The PTM cross-linked GNP film showed a very 

similar strain-induced enhancement of chemiresistive responses (see Appendix A12.0144). 

As described in Chapter 4, SEM images of a C9 cross-linked films on a HDPE substrate 

revealed the formation of cracks, which became more pronounced when the sensor was 

strained (cf. Figure 4.1.3c). Based on this observation, the strain-induced gain in sensitivity 
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was attributed to the formation of microcracks, which loosens the GNP network and gives 

the film more freedom to sorption-induced swelling. However, as shown in Figure 5.3.10c, 

the GNP films also showed an increase of the chemiresistive response amplitudes when 

compressive strain was applied. This effect was less pronounced than the effect of tensile 

strain. Considering the chemiresistor model, it was proposed that compressive strain leads 

to a reduced accessible void volume. Thus, the permittivity increase during analyte sorption 

is diminished and the observed increase in resistance due to swelling is enhanced. However, 

it is also possible that compressive stress induces structural dislocations and rupture of 

interparticle linkages. Such effects could again loosen the film structure and, hence, enable 

more freedom to swell during analyte sorption. 

 
Figure 5.3.10 a) Effect of 1 % tensile strain on the resistive responses of a C9 cross-linked GNP 

film on a flexible HDPE substrate. Toluene, 4-methyl-2-pentanone (4M2P), and 1-propanol were 

applied as test vapors at a concentration of 10 000 ppm. Nitrogen was used as carrier gas. The error 

bars shown for the response to toluene refer to five consecutive measurements for which the sensor 

was repeatedly strained and relaxed. b) Effect of 1 % tensile strain on the resistive responses of a 

C9 crosslinked GNP film to toluene vapor at different concentrations (100, 500, and 1000 ppm). 

The black, blue, and red colors indicate the first, second, and third measurement, respectively. 

c) Effect of 1 % tensile strain (solid blue line) and 1 % compressive strain (solid red line) on the 

response to toluene vapor at a concentration of 10 000 ppm. The dashed blue and red lines show 

the response transients of the relaxed sensor after applying tensile and compressive strain, 

respectively. Adapted with permission from Ref. 44: Cross-Linked Gold Nanoparticles on Poly-

ethylene: Resistive Responses to Tensile Strain and Vapors, N. Olichwer et al., ACS Appl. Mater. 

Interfaces 2012, 4, 6151. Copyright 2012 American Chemical Society. (DOI: 10.1021/am301780b) 

https://doi.org/10.1021/am301780b
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In conclusion, this study showed that the application of strain increases the overall sen-

sitivity of chemiresistors based on cross-linked GNPs. In contrast to other studies, our data 

did not confirm the possibility of tuning the chemical selectivity of such sensors by 

applying strain.34,86 However, the cross-sensitivity to strain has to be considered regarding 

applications of GNP-based flexible chemiresistors, e.g., as components of wearable sensor 

systems. 

5.4  Arrays of Gold Nanoparticle Chemiresistors 

As shown in the previous sections, the chemical selectivity of GNP-based chemiresistors 

to VOCs is controlled by the solubility properties of the organic matrix consisting of ligands 

and/or cross-linkers. Therefore, varying the chemical nature of the ligands or linker 

molecules is a simple and effective approach to tune the chemical selectivity. During the 

past 15 years several research groups have used this approach to fabricate arrays of GNP 

chemiresistors with different chemical selectivity. By combining these arrays with 

multivariate statistical methods for data analysis, applications as “electronic noses” and 

“electronic tongues” were demonstrated in several studies. 

For example, Haick and coworkers fabricated sensor arrays by depositing differently func-

tionalized GNPs onto substrates with suitable electrode structures. In a series of studies, 

they explored the application of these arrays for medical diagnosis via breath and headspace 

sampling. Their data revealed the great potential of such electronic noses for the non-

invasive diagnosis of various types of carcinoma and other diseases, including COVID-

19.34,36,38,87–97 Similar applications of GNP chemiresistor arrays were reported by Zhong 

and coworkers.98,99 Zellers and coworkers fabricated chemiresistor arrays by patterning 

GNP films via e-beam exposure. Arrays of four sensors were able to discern different 

solvent vapors.100–102 By combining such arrays with a microscale gas chromatography 

system, it was possible to drastically improve the differentiation between very similar 

analytes and to decrease the limit of detection (LOD).103 With such combined system 

explosive marker compounds could be separated from other volatile compounds and 

detected with high sensitivity (LOD ≤ 4 ng).104 More recently, Willis and coworkers 

prepared arrays of chemiresistors by dielectrophoretic assembly of GNPs in nanogap 

electrodes and, more conventionally, by drop-casting GNP solutions onto micro-

electrodes.105 With these arrays, they studied the detection and discrimination of different 

explosives as well as the classification of tea and coffee products.106–108 

In another series of studies, Wieczorek and coworkers presented chemiresistor arrays that 

were inkjet-printed using differently functionalized GNPs. They demonstrated the 

application of these arrays as electronic tongues for the detection of hydrocarbon fuels in 

seawater.40,41 Subsequently, the group demonstrated a high throughput approach for the 

fabrication and screening of GNP-based sensor arrays. With this approach it was possible 

to discriminate and quantify several organic contaminants, which were supplied as mixtures 

in aqueous solution.109 The group also reported the detection and discrimination of bacteria 

in aqueous media.110  
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5.4.1 Lithographic Fabrication of Gold Nanoparticle Chemiresistor Arrays 

In one of our own studies, we presented a novel lithographic approach to the fabrication of 

GNP-based chemiresistor arrays (Appendix A20.0330). As described in Chapter 2 (Section 

2.3), a poly(methylmethacrylate) (PMMA) mask was patterned on a silicon wafer using 

deep ultraviolet (DUV) lithography. Onto this mask, a 1,9-nonanedithol (C9) cross-linked 

GNP film was deposited via layer-by-layer spin-coating. The GNPs used in this process 

were stabilized with dodecylamine and had a core diameter of ~8.2 nm. After the lift-off 

process, an array of eight C9 cross-linked GNP chemiresistors was obtained. In order to 

tune the chemical selectivity of these sensors, the lithographic process was repeated to 

provide PMMA masks enabling the pairwise treatment of the GNP films with solutions of 

hexa-(ethylene glycol)dithiol (HEG), 2,3-dimercapto-1-propanol (GLY), and 4-nitrothio-

phenol (NTP), as illustrated in Figure 5.4.1a. Finally, this process provided an array of 4 

sensor pairs with different chemical selectivity. As shown in Figure 5.4.1b, the baseline 

resistance of the GNP films dropped by approximately 30 to 40 % after the re-

functionalization process. This effect was attributed to the DUV exposure of the GNP films, 

which may have affected the organic matrix. However, high-resolution SEM images did 

not indicate any significant structural changes of the films after DUV exposure and re-

functionalization. 

 
Figure 5.4.1 a) Strategy for tuning the chemical selectivity of lithographically pattered 1,9-nonane-

dithiol (C9) cross-linked GNP films. A PMMA film was patterned via DUV lithography to provide 

a mask with openings above a pair of chemiresistors. This pair was treated with hexa-(ethylene 

glycol)dithiol (HEG) to re-functionalize the GNPs. The same process was repeated twice to re-

functionalize two other pairs of sensors with 2,3-dimercapto-1-propanol (GLY) and 4-nitro-

thiophenol (NTP). b) Baseline resistance of chemiresistors before (C9) and after re-functionaliza-

tion (HEG, GLY, NTP). c) Transient resistive responses of the C9 cross-linked GNP film and the 

GLY re-functionalized film to vapors of water and hexane at 8000 ppm. Nitrogen was used as 

carrier gas. Adapted with permission from Ref. 30: Lithographic Patterning and Selective Function-

alization of Metal Nanoparticle Composite Films, H. Schlicke et al., ACS Appl. Electron. Mater. 

2020, 2, 3741. Copyright 2020 American Chemical Society. (DOI: 10.1021/acsaelm.0c00770) 

https://doi.org/10.1021/acsaelm.0c00770
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Figure 5.4.1c presents response transients of a C9 cross-linked GNP film and of a GNP 

film after re-functionalization. Due to the nonpolar nature of the C9 cross-linker the 

respective GNP film showed a stronger response to hexane than to water. In contrast, the 

sensor that was re-functionalized with the polar GLY ligand showed the opposite behavior. 

This finding confirms that the selectivity of the GNP-based chemiresistors can be adjusted 

by coupling thiol ligands with appropriate functional groups to the GNPs’ surface. In 

addition, it is possible that the DUV exposure of the film during the lithographic procedure 

may have altered the chemical selectivity via a photocatalytical oxidation of the initial C9 

cross-linker. 

 
Figure 5.4.2 Response amplitudes of GNP chemiresistors cross-linked with 1,9-nonanedithiol (C9) 

and re-functionalized with hexa-(ethylene glycol)dithiol (HEG), 2,3-dimercapto-1-propanol 

(GLY), and 4-nitrothiophenol (NTP), as indicated by the color code. The bars represent the response 

amplitudes ~230 s after starting the exposure to the analytes: a) water, b) ethanol, c) 1-propanol,  

d) 1-butanol, e) toluene, f) 4-methyl-2-pentanone, g) n-hexane, h) n-heptane. The analyte 

concentrations were 8000 ppm and 400 ppm, as indicated. Nitrogen was used as zero gas. All 

measurements were performed at room temperature. Adapted with permission from Ref. 30: 

Lithographic Patterning and Selective Functionalization of Metal Nanoparticle Composite Films, 

H. Schlicke et al., ACS Appl. Electron. Mater. 2020, 2, 3741. Copyright 2020 American Chemical 

Society. (DOI: 10.1021/acsaelm.0c00770) 

Figure 5.4.2 presents the resistive response amplitudes of the four differently functionalized 

sensor pairs, which were measured ~230 seconds after starting the exposure to the test 

vapors. The vapor concentrations in these experiments were 8000 and 400 ppm. Due to the 

reciprocal correlation of the vapor pressure and the partition coefficient, the sensitivity of 

the sensors increased with decreasing vapor pressure of the analytes. The data referring to 

the homologues series of alcohols show this trend very clearly. Further, the re-

functionalized GNP films have, in general, a higher sensitivity than the C9 cross-linked 

film. This finding indicates that re-functionalization and, possibly, radiation damage of the 

https://doi.org/10.1021/acsaelm.0c00770
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organic matrix, decreased the degree of cross-linking. More importantly, most signal 

patterns produced by the different analytes are distinguishable. The most obvious 

differences are observed when comparing the bar diagrams referring to the polar analytes 

to those of the nonpolar analytes. The patterns obtained for the homologous series of 

alcohols or alkanes, respectively, are similar but distinguishable. Note, the differences 

between patterns referring to the same analyte but different analyte concentrations 

correspond to differences of the nonlinear response isotherms. 

In this project, we did not attempt to analyze the obtained response patterns by means of 

multivariate statistical methods. Nevertheless, the observed patterns clearly demonstrate 

that the presented lithographic approach is well-suited for the fabrication of chemiresistor 

arrays with tunable chemical selectivity. 

5.4.2 Fabrication of Flexible Chemiresistor Arrays via Inkjet Printing 

In another project, we demonstrated a route to fully printed, flexible chemiresistors with 

tunable selectivity (Appendix 20.0229). First, interdigitated silver paste electrodes were 

printed on polyimide (PI) foil via dispenser printing. Then, inks containing dodecylamine-

stabilized GNPs (~7 nm core size) and the cross-linker 1,9-nonanedithiol (C9) were inkjet-

printed in a layer-by-layer approach onto the electrode structures (cf. Chapter 2, Section 

2.3.2). 

 
Figure 5.4.3 Response characteristics of a fully printed GNP-based chemiresistor on PI foil. The 

film was cross-linked with 1,9-nonanedithiol (C9). a) Transient responses to toluene vapor at 

different concentrations. Nitrogen was used as carrier gas. b) Plot of response amplitudes vs. vapor 

concentration. The function shown as solid red line was obtained by fitting a first order Langmuir 

model (Equation 5.4) to the data. The inset shows a photograph of the fully printed sensor device 

(scalebar: 4 mm). Adapted under a Creative Commons Attribution 4.0 International License from 

Ref. 29: Fully Printed Flexible Chemiresistors with Tunable Selectivity Based on Gold 

Nanoparticles, B. Ketelsen et al., Chemosensors 2020, 8, 116. © The authors 2020. (DOI: 

10.3390/chemosensors8040116) 

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemosensors8040116
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Figure 5.4.3a shows transient responses of a C9 cross-linked GNP film to toluene vapor at 

different concentrations. Despite the different materials and methods used in this study, the 

transient shapes are very similar to those reported previously for C9 cross-linked GNP 

films, which were prepared via layer-by-layer self-assembly on glass substrates (cf. Figure 

5.3.6). Further, as in the case of the layer-by-layer self-assembled GNP films on glass 

substrates, the data shown in Figure 5.4.3b could be fitted using a first order Langmuir 

isotherm. However, the values for the binding constant KB (~104 L mol-1) and the saturation 

parameter (R/Ri)
sat (~6 %), as well as the sensitivity S (~10-5 ppm-1), which was 

determined as the initial slope of the isotherm, were somewhat higher than the 

corresponding values of the layer-by-layer self-assembled GNP films. The higher 

sensitivity of the inkjet-printed films is possibly caused by the larger diameter of the GNPs 

used in this study (cf. Section 5.2.1). Further, inkjet printing may lead to a lower degree of 

cross-linking than the layer-by-layer self-assembly method. As discussed above, a lower 

degree or cross-linking promotes higher sensitivity. 

 
Figure 5.4.4 a) Molecular structures of the cross-linker 1,9-nonanedithiol (C9) and the monothiols 

added to the inks for tuning the chemical selectivity (TG: 1-thioglycerol; MP: 3-mercaptopropionic 

acid; MB: 4-mercapto-1-butanol). b) Resistive responses of all seven sensors to different test vapors 

(concentration: 2000 ppm). c) Sensitivity of the sensors to each analyte determined as the initial 

slope of the respective response isotherm. Nitrogen was used as zero gas in all experiments. The 

compositions of the cross-linker inks used for sensor fabrication are given by the color-coded 

legend. Adapted under a Creative Commons Attribution 4.0 International License from Ref. 29: 

Fully Printed Flexible Chemiresistors with Tunable Selectivity Based on Gold Nanoparticles,  

B. Ketelsen et al., Chemosensors 2020, 8, 116. © The authors 2020. (DOI: 10.3390/chemosen-

sors8040116) 

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemosensors8040116
https://doi.org/10.3390/chemosensors8040116
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In order to tune the chemical selectivity of the inkjet-printed chemiresistors, differently 

functionalized monothiols were added to the C9 cross-linker ink at different concentration 

ratios (100/0, 75/25, and 50/50 of C9/monothiol). The molecular structures of used 

monothiols are presented in Figure 5.4.4a. All seven GNP films fabricated with these inks 

showed ohmic current-voltage characteristics. With increasing concentration of the added 

monothiols the conductance decreased. In agreement with previous findings of Lindsay and 

coworkers, this observation indicates that the added monothiols resulted in a lower degree 

of cross-linking and, hence, in lower conductivities.111,112 

After combining the printed chemiresistors to form a sensor array, they were dosed with 

hydrophobic (n-octane, toluene, 4-methyl-2-pentanone), amphiphilic (1-butanol, 1-pro-

panol), and hydrophilic (ethanol, water) analytes. Figure 5.4.4b presents the transient 

responses to the different test vapors. In addition, the sensitivities shown in Figure 5.4.4c 

were determined as the initial slope of the respective response isotherms. 

All sensors showed remarkably fast and fully reversible responses to the test vapors. 

Compared to the C9 cross-linked GNP film, the sensors printed with the inks containing 

the monothiols showed decreased sensitivities to nonpolar and amphiphilic analytes and, 

in most cases, enhanced sensitivity to water. The most obvious sensitivity enhancement to 

water was achieved for the GNP film printed with the C9/TG-50/50 ink. 

 
Figure 5.4.5 Radar plots of response amplitudes. The sensors were dosed with toluene, 1-propanol, 

and water at concentrations of a) 2000 ppm and b) 100 ppm. Nitrogen was used as zero gas. Adapted 

under a Creative Commons Attribution 4.0 International License from Ref. 29: Fully Printed Flexi-

ble Chemiresistors with Tunable Selectivity Based on Gold Nanoparticles, B. Ketelsen et al., 

Chemosensors 2020, 8, 116. © The authors 2020. (DOI: 10.3390/chemosensors8040116) 

Figure 5.4.5 presents radar plots of the sensor responses to vapors of toluene, 1-propanol, 

and water at concentrations of 2000 and 100 ppm. The different shapes of respective signal 

patterns clearly confirm the successful tuning of the sensors’ selectivity by blending 

different monothiols into the cross-linker ink. Furthermore, the patterns referring to the 

same analyte at different concentrations are very similar and can clearly be recognized.  

In conclusion, this study demonstrated that inkjet printing provides a facile approach to the 

fabrication GNP-based chemiresistor arrays on flexible polymer substrates. Such flexible 

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemosensors8040116
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sensor arrays are of major interest for applications in wearable and skin mountable elec-

tronics and diagnostic devices. 

5.4.3 Chemiresistor Arrays with Tunable Response Kinetics 

To utilize the signal patterns of sensor arrays for analyte classification and recognition, the 

data are subjected to multivariate statistical analyses, such as principal component analysis 

(PCA), linear discriminant analysis (LDA), or artificial neural networks (ANN). Usually, 

the maximum response amplitude of each sensor measured after a defined exposure time is 

used as input feature for this analysis. However, as indicated by the above-discussed 

response transients of GNP chemiresistors (cf. Figures 5.3.5a, 5.3.6a, 5.3.7a, 5.3.9a, 

5.4.4b), the response kinetics depend on the specific interactions of the analyte with the 

GNP film. Hence, the response kinetics provide valuable information that can be used for 

improving the classification and recognition of analytes.  

So far, however, only few studies addressed the response kinetics of GNP chemiresistors. 

Ancona et al. studied the response kinetics of chemiresistors based on mercaptohexanoic 

acid stabilized GNPs to volatile amines.113 The observed slow response kinetics were 

attributed to concurrent partitioning and thermally activated diffusion processes. It was 

shown that the time constant of the response signal increased with increasing thickness of 

the sensitive layer. Zhao et al. studied the responses of chemiresistors based on 

mercaptoundecanoic acid functionalized GNPs to acetone vapor and other VOCs.99 They 

also observed that the response kinetics were slowed down with increasing thickness of the 

GNP films. Further, Müller et al. investigated the response behavior of hexanethiol-

functionalized GNP chemiresistors exposed to octane in water. The response kinetics were 

analyzed as a function of the analyte-water flow velocity, the film thickness, and the analyte 

concentration. In order to explain their experimental findings, including the observed 

increase in response time with increasing film thickness, they presented a model for analyte 

diffusion and partitioning into the ligand layers, and subsequent swelling of the film.114  

The use of the response kinetics of GNP chemiresistors as features in multivariate statistical 

analyses was first proposed by Zhong and coworkers.115 They exposed an array of four 

chemiresistors to different solvent vapors and extracted the steepest slope of the rising 

resistive response of each sensor. Using PCA and ANN for data evaluation they were able 

to differentiate between benzene, toluene, and xylene with a recognition rate reaching 

100%. In a subsequent study, they expanded on this approach and demonstrated 

noninvasive monitoring of diabetes via breath analysis.98 These pioneering works 

highlighted the use of kinetic response features to improve the multivariate analysis of 

signal patterns. However, utilizing this approach on a rational base requires a detailed 

understanding of the parameters controlling the kinetic response features. Based on this 

knowledge, it should be possible to develop procedures for adjusting the response kinetics 

for target analytes and analyte classes to facilitate their classification and recognition.  

In a recent study, we addressed this challenge and demonstrated how the response kinetics 

of GNP chemiresistors can be tuned by varying the GNP size, the cross-linker length, the 

thickness of the sensitive layer, and the exposure of the GNP films to DUV radiation 
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(Appendix A21.0232). Furthermore, we showed how the kinetic response features can be 

used in multivariate data analysis to improve the differentiation between very similar 

analytes. In this study, the chemiresistors were fabricated via our layer-by-layer spin-

coating method using amine-stabilized GNPs with core sizes ranging from ~3 to ~7 nm.  

In a first set of experiments the effect of the cross-linker length on the response kinetics 

was studied. To this end, the films were fabricated using GNPs with a core diameter of 3.6 

nm and 1,4-butanedithiol (C4), 1,6-hexanedithiol (C6), 1,8-octanedithiol (C8), 1,9-nonane-

dithiol, and 1,10-decanedithiol as cross-linkers. The thicknesses of these films increased 

with the linker length and ranged between ~58 and ~84 nm. At the same time, the 

conductivity of the films decreased from 1.0 -1cm-1 to 1.4×10-3 -1cm-1, in agreement with 

earlier findings (cf. Chapter 3, Figure 3.2.7a).52 As indicated in Figure 5.4.6a, the t80 time 

(defined as the time that is passed after starting the exposure to the test vapor until 80 % of 

the final signal amplitude is reached) was extracted from the response transients and used 

as a characteristic feature of the response kinetics. Figure 5.4.6b presents the measured t80-

times as a function of the cross-linker’s chain length for vapors of toluene, 1-propanol, and 

4-methyl-2-pentanone (4M2P). These data provide two important insights: First, with 

decreasing length of the cross-linker, the t80-time increased, especially when the linker 

contained less than 8 methylene units. Second, for a given cross-linker the t80-time de-

pended on the nature of the analyte and increased in the order 1-propanol < toluene < 4M2P.  

As expected, these results confirm that the cross-linker length controls the mesh size of the 

GNP network. Hence, the diffusion of analyte molecules can be slowed down by decreasing 

the cross-linker’s length. Therefore, provided that the length of the cross-linker is short 

enough, the t80-times can be used to distinguish analyte molecules based on their molecular 

volume, which decreases in the order 4M2P > toluene > 1-propanol. To confirm this 

conclusion, the t80-times of numerous test vapors were measured using the C4 and C6 cross-

linked GNP chemiresistors. The results are presented in Figure 5.4.6c, where the t80-times 

are plotted against the molecular size of the analyte. These data clearly confirm a general 

correlation between the molecular sizes and the observed t80-times, especially for the C4 

cross-linked GNP film. The only exception to this trend is the t80-time of 2-propanol, for 

currently unknown reasons. 

In another set of experiments, we investigated how variations of the film thickness and the 

GNP size affect the t80-time. Respective data are presented in Figure 5.4.6d. In agreement 

with previous studies99,113,114, and as expected for a diffusion-based process, our data reveal 

a general increase of the t80-times with increasing film thickness. Furthermore, the data also 

indicate a dependence of the response times on the GNP core size. For comparable film 

thicknesses, the chemiresistors prepared with the larger GNPs (batches B1, B2) showed, in 

general, shorter response times than the films consisting of the smaller GNPs (batches A1, 

A1, A3). This finding suggests that larger pore sizes within the films of the larger GNPs 

increased the diffusion rates. In addition, comparing the data for the three different analytes 

(1-propanol, toluene, 4-mthyl-2-pentanone) the data confirm the above discussed increase 

of the t80-time with increasing molecular size of the analyte (cf. Figure 5.4.6c). 

 



CHAPTER 5 

186 
 

 
Figure 5.4.6 a) Transient resistive response of a 1,6-hexanedithiol (C6) cross-linked GNP film 

(~68 nm thickness, ~3.4 nm GNP core size) to toluene vapor (8000 ppm). The t80-time as well as 

the area A below the response trace, which can be normalized by the maximum response (R/Ri)max, 

are used as characteristic features of the response kinetics. b) t80-Times of cross-linked GNP 

chemiresistors as a function of the ,-alkanedithiol chain length. The concentration of the three 

test vapors was 800 ppm. c) t80-Times measured for different test vapors (800 ppm) with C4 and 

C6 cross-linked GNP chemiresistors. The data are plotted vs. the approximated molecular size of 

the analytes (Ma: molecular weight; a: density; A: Avogadro constant). d) t80-Times of C6 cross-

linked GNP films with different GNP sizes (A1, A2, A3, B1, and B2; core diameter: 3.4 ± 0.6, 

3.8 ± 0.6, 3.6 ± 0.7, 5.0 ± 0.3, and 7.3 ± 0.5 nm, respectively) as a function of the film thickness. 

The concentration of the three test vapors was 800 ppm. Nitrogen was used as zero gas in all 

experiments. Adapted with permission from Ref. 32: Gold Nanoparticle-Based Chemiresistors: 

Recognition of Volatile Organic Compounds Using Tunable Response Kinetics, H. Schlicke et al. 

ACS Appl. Nano Mater. 2021, 4, 10399. Copyright 2021 American Chemical Society. (DOI: 

10.1021/acsanm.1c01892) 

The above-discussed experiments showed that the transient response kinetics of GNP-

based chemiresistors can be tuned by varying the size of the cross-linkers and the size of 

the GNPs. Adjusting these parameters for the fabrication of GNP chemiresistor arrays, 

however, requires the fabrication of individual GNP films with different starting materials, 

which makes the fabrication process laborious. More facile approaches are based on a post-

preparative treatment of the GNP films to adjust the response kinetics for different analytes. 

https://doi.org/10.1021/acsanm.1c01892
https://doi.org/10.1021/acsanm.1c01892
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Figure 5.4.7 a) Transient responses of a C9 cross-linked GNP film to solvent vapors (800 ppm). 

After DUV exposure (60 min) the response kinetics were slowed down. b) Effect of DUV treatment 

on t80-times for different VOCs (as indicated by the color code). The vapor concentration was 

increased from 100 to 8000 ppm. c) LDA plot for an array of 8 chemiresistors which was exposed 

to vapors at concentrations ranging from 100 - 4000 ppm. Four sensors were made from C4, C6, 

C8, and C9 cross-linked GNP films. Another set of four sensors was made from C9 cross-linked 

GNP films which were exposed to DUV radiation. The GNPs used for film fabrication had a core 

size of ~3.6 nm. As input data for LDA, the resistive ((R/Ri)max) and kinetic (A/(R/Ri)max) features 

were used. Empty circles represent projections of test data (vapor concentration 2000 ppm). The 

predicted analyte is indicated by the color of the crosses on the empty circles. d) LDA plot for the 

same array of chemiresistors but without using the kinetic response features as input data. Nitrogen 

was used as zero gas in all experiments. Adapted with permission from Ref. 32. Gold Nanoparticle-

Based Chemiresistors: Recognition of Volatile Organic Compounds Using Tunable Response 

Kinetics, H. Schlicke et al. ACS Appl. Nano Mater. 2021, 4, 10399. Copyright 2021 American 

Chemical Society. (DOI: 10.1021/acsanm.1c01892) 

In this context, we observed that exposing C9 cross-linked GNP films to DUV radiation 

slows down the response kinetics to different analytes, as shown in Figure 5.4.7a. The data 

reveal that the responses to toluene and, especially, heptane vapor were significantly 

slowed down after exposing the GNP film to DUV radiation. Further, Figure 5.4.7b 

presents the effect of DUV irradiation on the t80-times for vapors of toluene, hexane, 

heptane, and octane. In agreement with the experiments discussed above, the t80-times 

increase with the size of the analyte molecules (cf. Figure 5.4.6c). These data clearly 

https://doi.org/10.1021/acsanm.1c01892


CHAPTER 5 

188 
 

demonstrate that the DUV treatment enables the discrimination of differently sized analytes 

by considering the t80-times together with the corresponding (R/Ri)max values. To date, it 

is not known how DUV exposure changes the response kinetics of the GNP films. No 

significant changes of the charge transport properties (conductivity, activation energy) 

were observed after DUV exposure. Also, only a small redshift with slight broadening of 

the plasmon absorption band was observed in the UV/vis spectra of respective GNP films. 

Probably, UV-initiated radical reactions, which may involve free thiol groups, cross-link 

the film’s organic matrix. Hence, the diffusion of analyte molecules is slowed down. 

In order to demonstrate an electronic nose based on the above-presented chemiresistors, a 

sensor array was assembled consisting of four sensors with differently long cross-linkers 

(C4, C6, C8, and C9) and four additional sensors based on C9 cross-linked GNP films 

which were exposed to DUV radiation for 30, 60, 90, and 120 min. The sensor array was 

exposed to numerous vapors with concentrations ranging from 100 to 4000 ppm. From each 

measured response transient the (R/Ri)max value was extracted as resistive response 

feature. Further, a kinetic response feature was extracted as the area A underneath the 

response transients divided by the corresponding (R/Ri)max value (cf. Figure 5.4.6a). These 

features were then used as input data for a linear discriminant analysis (LDA). The results 

are plotted in Figure 5.4.7c. The points of the same color refer to the same analyte applied 

at different concentrations. Despite the use of different analyte concentrations, the points 

referring to different analytes separate into clusters. Only the cluster referring to 2-methyl-

4-pentanone (4M2P) overlaps with the clusters referring to heptane and hexane. A slight 

overlap is also observed for the clusters referring to water and ethanol.  

To test the reliability of the LDA model, data referring to analyte concentrations of 2000 

ppm were excluded from the input data. Using the LDA algorithm these data were then 

projected onto the discriminant coordinate system. As seen in Figure 5.4.7c, each projected 

data point (empty circles) match the cluster of the corresponding analyte. Further, the 

prediction method of the LDA algorithm was applied (color of crosses within the circles) 

resulting in the correct assignment of all test data. Similar results were obtained when the 

LDA model was applied to test data referring to other analyte concentrations (400 and 800 

ppm). However, in a few exceptional cases the predicted analyte was incorrect.  

Note, when the kinetic response features were omitted from the input data for LDA, no 

clear clustering of the data was observed (Figure 5.4.7d). Also, when testing the model as 

described above, the hit rate was lower compared to the model with the included kinetic 

response features. 

In conclusion, we demonstrated an electronic nose based on ,-alkaneditiol cross-linked 

GNP chemiresistors. By adjusting the length of the cross-linker and by exposing 1,9-

nonanedithiol cross-linked GNP films to DUV radiation, it is possible to tune the kinetic 

response features for different analytes, depending mainly on the molecular size of the 

analytes. The resistive response features (maximum resistive responses) as well as the 

kinetic response features (area underneath the response transient normalized by the 

maximum resistive response) of eight sensors were used as input data for LDA. The 

obtained model was successfully used to differentiate correctly between various solvent 
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vapors. Our data showed that using kinetic response features for multivariate data analysis, 

in addition to widely used resistive response features, can improve the performance of 

sensor arrays based on GNP chemiresistors. 

5.5 Gold Nanoparticle Chemiresistors as Highly Responsive Humidity Sensors 

Accurate humidity sensing is important to numerous applications, including weather moni-

toring, monitoring of goods storage and manufacturing environment, agriculture, cellular 

biology, skin humidity and breath monitoring, and other biomedical purposes.116–119 Hence, 

a broad variety of humidity sensors have been developed over the past decades, including 

capacitive and resistive humidity sensors. However, providing a highly selective humidity 

sensor which is sensitive over a broad dynamic range, shows fast and reversible responses, 

is easy to operate, and enables low-cost fabrication, remains challenging. Addressing this 

challenge, many research groups explored the application of novel polymer/nanomaterial 

composites as resistive humidity sensors.116–121 For example, Li et al. reported a resistive 

humidity sensor based on a thin composite film of poly(4-vinylpyridine) and carbon 

black.122 The carbon black particles served to enhance the electric conductivity of the 

sensitive layer. Kahn et al. fabricated membranes of cross-linked star-branched 

poly(ethylene glycol) oligomers and loaded them with silver and gold nanoparticles to 

enhance the conductivity.123 These membranes could be employed as highly sensitive 

resistive humidity sensors. More recently, Kano et al. presented a humidity sensor based 

on a layer of silicon nanocrystals on polyimide (PI) foil.124 This sensor showed highly 

sensitive and very fast resistive responses over a broad range of relative humidity. 

Inspired by these works, we studied the properties of flexible humidity sensors based on a 

sensitive layer of PEGylated GNPs (Appendix A19.02125). As described in Chapter 2, the 

GNPs were prepared using our inverse Turkevich method (Appendix A14.02126), which 

provides citrate-stabilized GNPs with a core diameter of ~12 nm. The GNPs were then 

stabilized via a ligand exchange reaction using a 1:1 molar mixture of α-

methoxypoly(ethylene glycol)-ω-(11-mercaptoundecanoate) (PEG-MUA, ~2 kDa) and 

mercaptoundecanoic acid (MUA). Dispersing the obtained PEGylated GNPs in water 

provided very stable colloidal solutions (Appendix A16.05127) which were used to deposit 

GNP films onto PET foil with interdigitated carbon paste electrodes (~150 µm gap) via 

inkjet printing (see Chapter 2, Figure 2.3.10b). 

The thickness of GNP films could be precisely adjusted using a layer-by-layer approach. 

Printing 2 to 12 stacked layers provided films with thicknesses ranging from 20 to 280 nm, 

respectively. Due to the thick PEG shell of the GNPs, the resistivity of these films was 

rather high. With increasing humidity, the resistance R of the sensors decreased following 

a monoexponential law according to the following equation: 

( )i expR R a rh= −          (5.5) 

Here, Ri is the baseline resistance under dry conditions, a is an empirical decay constant, 

and rh is the relative humidity level.  
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Figure 5.5.1 a) Response isotherm of a resistive humidity sensor comprising a sensitive layer of 

PEGylated GNPs. The data reveal the absence of hysteresis when cycling the relative humidity 

level in the range 35 to 95 %. b) Response isotherms measured at different temperatures, as 

indicated. The film had a thickness of ~170 nm. Adapted with permission from Ref. 125: Highly 

Responsive PEG/Gold Nanoparticle Thin-Film Humidity Sensor via Inkjet Printing Technology, 

C.-H. Su et al., Langmuir 2019, 35, 3256. Copyright 2019 American Chemical Society. (DOI: 

10.1021/acs.langmuir.8b03433) 

Figure 5.5.1a presents the resistance of a GNP film, which was obtained by printing 8 

stacked layers, as a function of the relative humidity level. The data were recorded in the 

direction of both, increasing and decreasing humidity, and do not indicate any hysteresis. 

A linear fit to the data revealed a baseline resistance Ri of ~106 M and a decay constant a 

of ~0.13 (% rh)-1. It is quite remarkable that increasing the humidity from 35 to 95 % rh 

decreased the resistance by three orders of magnitude. Similar findings have been reported 

for water absorbed within thin layers of silicon nanoparticles or on oxidized silicon 

substrates.124,128 It is assumed that the charge transport in these materials proceeds via the 

Grotthuss mechanism, which considers the transport of protons along hydrogen-bonded 

chains of water molecules. Hence, the more water molecules are absorbed within the 

sensitive layer the more conduction paths are formed between the electrodes. Note, this 

transduction mechanism is fundamentally different from the above-presented chemiresistor 

model (Section 5.2). 

Figure 5.5.1b reveals that the slope of the response isotherm was rather unaffected when 

varying the temperature from 15 to 45 °C. However, the overall resistance decreased with 

increasing temperature. This effect can be attributed to the enhancement of proton 

conductivity with increasing temperature, as previously reported for the conductivity of 

water absorbed in polymer membranes.129 Since the variation of resistance with 

temperature also followed a monoexponential law (Appendix A19.02), the model described 

by Equation 5.5 can easily be extended to correct for the variation of temperature T, as 

shown by the following equation, where b is another empirical constant: 

( )i expR R a rh b T= −  −         (5.6) 

Figure 5.5.2a presents the resistive responses of the GNP film to pulses of water vapor. 

Nitrogen was used as carrier gas and the vapor concentration corresponded to rh levels 

https://doi.org/10.1021/acs.langmuir.8b03433
https://doi.org/10.1021/acs.langmuir.8b03433
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measured at ambient temperature (~25 °C) ranging from 1.8 to 35.1 %, as indicated. The 

responses are very fast and reversible. As shown in Figure 5.5.2b the amplitudes of these 

responses follow the exponential law according to Equation 5.5. The linear fit to these data 

revealed a decay constant a of ~0.09 (% rh)-1, somewhat lower than observed for the 

relative humidity range above 35 %. A closer analysis of the response transients revealed 

very short t90 response and recovery times of <1.2 s and <3.0 s, respectively (Figures 

5.5.2c,d). Note, purging the volume of the test cell with five cell volumes after switching 

from carrier gas to test gas, and vice versa, required approximately 18 s. Hence, the given 

t90-times represent upper limits of the true response and recovery times. 

Compared to previously reported humidity sensors based on nanomaterials, the GNP 

chemiresistor of our study showed excellent response and recovery characteris-

tics.118,124,130–134 Based on the fast and reversible response characteristics, we demonstrated 

that the sensor is well-suited for breath monitoring (cf. Chapter 1, Figure 1.3.7). 

 
Figure 5.5.2 a) Response transients of a humidity sensor based on an inkjet-printed film of 

PEGylated GNPs. b) Semi-log plot of resistance vs. relative humidity. c) Transient response to 

35.1 % relative humidity. d) Recovery of the baseline after switching back to pure carrier gas 

(nitrogen). Adapted with permission from Ref. 125: Highly Responsive PEG/Gold Nanoparticle 

Thin-Film Humidity Sensor via Inkjet Printing Technology, C.-H. Su et al., Langmuir 2019, 35, 

3256. Copyright 2019 American Chemical Society. (DOI: 10.1021/acs.langmuir.8b03433) 

  

https://doi.org/10.1021/acs.langmuir.8b03433
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5.6  Conclusions, Current Trends, and Future Challenges  

GNP films provide a versatile platform for the fabrication of highly responsive 

chemiresistors with tunable selectivity. Usually, the charge transport in these films is 

governed by tunneling processes and single electron charging events. Hence, their overall 

resistive responses to analyte sorption can be attributed to two major effects: On the one 

hand, sorption-induced swelling increases the film’s resistance due to increased tunneling 

distances. On the other hand, sorption of analyte species can change the permittivity of the 

film’s organic matrix and, thereby, alter the activation energy for charge transport. 

Qualitatively, our experimental findings confirm these assumptions (Appendix A07.0228, 

A08.0153) However, the model fails to predict the sensitivity to different analytes 

quantitatively (Appendix A16.0159).  

Thus, further improvements of the model according to Equation 5.1 should be addressed in 

future works. For example, currently, it is assumed that the tunneling decay constant is not 

affected by analyte sorption. However, analyte sorption changes the permittivity of the 

GNPs’ organic matrix. Such permittivity changes are known to affect the shape of the 

tunneling barrier and, hence, the tunneling decay constant.135 Further, it is known that 

molecules adsorbed to the GNPs’ surfaces can provide additional energy levels, which can 

strongly influence the charge transport properties.136 Studying these and other effects, 

requires the fine-tuning of structural parameters, including the molecular structure of 

ligands and cross-linkers within the interparticle tunneling barriers. Further, studying the 

influence of the dimensions of the GNP assemblies on the sensing properties, ranging from 

the micro- to the nanoscale, and ultimately to the single molecular level, may shed light on 

the different parameters governing the sensing mechanism. In addition, expanding on 

theoretical works addressing the charge transport through single molecules137,138, 

molecular-level approaches are required to model the perturbation of the charge transport 

through the layer of ligands and cross-linkers between GNPs by inserted analyte molecules. 

Eventually, such theoretical considerations will have to include the electronic structure of 

the GNPs and its perturbation through the interaction with analyte molecules.  

As GNP-based chemiresistors belong to the class of sorptive sensing elements, their 

sensitivity is mainly controlled by analyte partitioning, i.e., the amount of analyte 

molecules sorbed within the film’s organic matrix at a given analyte concentration. We 

observed that analyte sorption in non-cross-linked GNP films follows Henry’s law of bulk 

partitioning (Appendix A16.0159). In contrast, analyte sorption in cross-linked GNP films 

is restricted by the size of the cross-linker. Therefore, the sorption isotherms follow the 

Langmuir or the combined Langmuir-Henry model. As a result, the sensitivity of cross-

linked GNP films is usually lower and the dynamic range is narrower, compared to their 

non-cross-linked counterparts (Appendix A03.0250, A04.0127, A04.0251, A07.0180, 

A12.0144). Nevertheless, in most of our studies we investigated the properties of cross-

linked GNP films, as these films can be fabricated via layer-by-layer self-assembly or layer-

by-layer spin-coating with well-controlled thickness, uniformity, and high reproducibility. 

Furthermore, cross-linked GNP films are mechanically more robust and, therefore, better 

suited for applications in flexible and wearable electronics. In addition, baseline drifts due 
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to electromigration of GNPs under direct current (DC) operation can be avoided by cross-

linking the GNPs. 

In some studies, we showed that the sensitivity and the dynamic range of cross-linked GNP 

chemiresistors can be improved by increasing the size of the cross-linker (Appendix 

A03.0126, A03.0250, A04.0251, A07.0180). However, since the baseline resistance of these 

sensors increases exponentially with the cross-linker size (cf. Chapter 3), this approach is 

of limited value. Addressing this problem, we are currently aiming at the layer-by-layer 

fabrication of cross-linked GNP films with enhanced sensitivity and a broadened dynamic 

range by adjusting the degree of cross-linking. 

The selectivity of GNP chemiresistors can be tuned by selectively increasing or reducing 

the partitioning of analytes in the organic matrix of the GNP film. For example, we tuned 

the selectivity of GNP chemiresistors to certain analytes by the following approaches: (i) 

Assembling the GNP films using differently sized and differently functionalized cross-

linkers (Appendix A02.0225, A03.0126, A03.0250, A04.0127, A04.0251, A12.0144, A21.0232). 

(ii) Addition of functional monothiols to the cross-linker inks used for printing GNP films 

on flexible substrates (Appendix A20.0229). (iii) Re-functionalization of ,-alkanedithiol 

cross-linked GNP films with functional monothiols (Appendix A20.0330). (iv) 

Postpreparative DUV treatment of ,-alkanedithiol cross-linked GNP films (A21.0232). 

In addition, some studies suggested that the chemical selectivity of GNP chemiresistors can 

be tuned by straining the GNP films.34,43,83 However, our results indicated a general 

increase of the sensitivity with applied tensile strain without significant influence on the 

selectivity (A12.0144).  

So far, most studies focusing on tuning the chemical selectivity of GNP chemiresistors via 

surface modifications, followed an empirical approach. Only a few isolated studies 

explored the rational functionalization of the GNP surface for the detection of specific 

analytes.24,139,140 It is expected that future studies will aim at the molecular design of the 

GNP surface to enable the highly selective detection of volatile marker compounds, e.g., 

for medical diagnosis, detection of drugs and explosives, environmental monitoring, and 

quality control of food products. Such molecular design approach may involve the 

modification of the GNP surface with mixed thiol monolayers, which eventually enable the 

implementation of highly selective analyte binding sites through cooperative interactions, 

similar as known from lock-and-key interactions of biomolecules.141,142 Furthermore, only 

little is known about the durability and lifetime of GNP-based chemiresistors operated 

under real-world conditions. With respect to possible commercial applications, this issue 

needs to be addressed in future studies. 

Currently, several research groups are exploring potential applications of sensor arrays 

consisting of GNP-based chemiresistors with tuned selectivity.104,106–108,110 For example, 

encouraging results have been reported regarding the diagnosis of carcinosis or infectious 

diseases via breath analysis.34,38,88,89,93,99 Usually, the sensors of such arrays are prepared 

by depositing thin films of differently functionalized GNPs, e.g., via drop casting, onto 

substrates with suitable electrode structures. In own studies, we reported two versatile 

approaches for the fabrication of GNP chemiresistor arrays. In one study, we showed how 
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chemiresistor arrays can be fabricated via DUV lithographic patterning of cross-linked 

GNP films followed by selective re-functionalization (Appendix A20.0330). This method 

is compatible with standard lithographic manufacturing processes. In a second study, we 

presented an array of flexible, inkjet-printed chemiresistors (Appendix A20.0229). Such 

flexible sensor arrays are especially promising for emerging wearable and skin-mounted 

electronics. Along this line, future works are expected to focus on materials and processes 

enabling the cost efficient, eco-friendly, and application-specific fabrication of flexible 

sensor arrays. With respect to wearable and skin-mounted electronics, the use of 

biocompatible and self-healing materials is currently gaining increasing attention.143,144  

The successful application of GNP-based sensor arrays does not only rely on the 

performance of involved materials. It also depends on the feature extraction and algorithms 

used for the statistical analysis of measured signal patterns. In most studies, the maximum 

resistive responses were used as input features and the statistical data analysis was 

performed using principal component analysis (PCA), linear discriminant analysis (LDA), 

and artificial neural networks (ANN).22,40,90,98,99,106,107 However, a few pioneering studies 

indicated that the implementation of kinetic response features can improve the success of 

analyte classification and recognition.98,115 Following this idea, we developed new 

approaches for the fabrication of GNP chemiresistors with tunable response kinetics 

(Appendix A21.0232). With these methods, it is possible to adjust the sensors’ response 

kinetics to differentiate between analytes with different molecular size. Using LDA, we 

confirmed that implementing such kinetic response features improves the classification and 

recognition of analytes. Other studies indicated that sorption-induced changes of the 

frequency-dependent impedance and of optical properties of GNP films can provide 

additional valuable input features for data analysis.145,146 Hence, it is expected that future 

works will expand on these studies to improve the application-specific performance of 

GNP-based sensor arrays by (i) adjusting the chemical and physical properties of the 

sensitive layers, (ii) using multiple signal features as input data, and (iii) applying advanced 

machine learning algorithms for data analysis.38,108 

Recently, numerous research groups reported the development of nanomaterials-based hu-

midity sensors. Current studies are aiming at the development of eco-friendly, fast-

responding, and flexible humidity sensors, which are suited for applications in emerging 

wearable electronics, medical and health monitoring systems, and other internet of things 

(IoT) related devices.116,118,119 In this context, we reported the fabrication of highly 

responsive, flexible humidity sensors by printing PEGylated GNPs on polymer foil 

(Appendix A19.02125). In these sensors, the GNP cores were encapsulated with a rather 

thick PEG-shell. Hence, the baseline resistance of the films was very high (~103 G) and 

the sensing mechanism was not based on swelling-induced perturbation of charge carrier 

tunneling between GNP cores. Instead, the observed increase in conductance with 

increasing humidity was attributed to proton mediated charge transport according to the 

Grotthuss mechanism. Due to its extremely fast and fully reversible response to humidity 

fluctuation we showed that the sensor is well-suited for breath monitoring. Furthermore, 

the sensor is extremely sensitive over a broad dynamic range: Increasing the relative 

humidity from ~2 to 95 % decreased the resistance exponentially over 5 orders of 
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magnitude. Future works on nanomaterials-based humidity sensors are expected to focus 

on their integration into wearable sensor systems which are of interest for numerous IoT 

applications, including environmental and personal health monitoring. With respect to 

commercialization, the durability, operation lifetime, and shelf lifetime of these sensors are 

key issues, which have to be addressed in future studies. 
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CHAPTER 6 

Freestanding Membranes of Cross-linked Gold Nanoparticles: 

Actuators, Resonators, and Chemical Sensors 

This chapter is divided into three major sections: Section 6.1 provides a short introduction 

to micro- and nanoelectromechanical systems (MEMS/NEMS) and presents some re-

markable examples in which different types of nanomaterials have been integrated in such 

systems to fulfill specific functions. This section also highlights our own studies into 

applications of GNP membranes as electrostatically driven actuators and resonators. 

Section 6.2 provides a short introduction to chemical sensors with electromechanical or 

mechanical signal transduction. Afterwards, two of our own studies are presented, which 

demonstrate the detection of volatile compounds using electrostatically actuated GNP 

membranes. Finally, Section 6.3 provides major conclusions and addresses current trends 

and future challenges. 

6.1  Freestanding Membranes of Cross-Linked Gold Nanoparticles as Actuators and 

Resonators 

6.1.1 MEMS, MOEMS, NEMS, and NOEMS 

Since the late 1980s microelectromechanical systems (MEMS) have revolutionized the ap-

plications of actuators, resonators, and sensors in modern consumer electronics, automotive 

devices, robotics, internet of things (IoT) devices, navigation systems, medical devices, and 

military equipment. As the name indicates, MEMS combine micromechanical and elec-

tronic components to enable specific functions. MEMS comprising additional optical com-

ponents are often referred to as microoptoelectromechanical systems (MOEMS). Further, 

MEMS and MOEMS comprising functional components with nanoscale dimensions are 

sometimes referred to as nanoelectromechanical systems (NEMS) and nanooptoelectro-

mechancial systems (NOEMS), respectively.1–4  

For example, the pressure sensors discussed in Chapter 4, such as the Bosch BMP380 

sensor, are typical MEMS sensors in which the micromechanical component is a 

deformable diaphragm.5 Here, strain sensors detect the membrane’s deformation and 

provide a measurable electric signal. Another example are acceleration sensors, which find 

widespread applications, e.g., in automobiles for airbag deployment and for motion 

detection in smartphones. In these sensors, the mechanical component is a movable proof 

mass with attached electrodes, which is hold in place by springs. Due to inertia of mass, 

any acceleration of the sensor causes a deformation of the springs. Hence, the electrodes 

change their position with respect to a set of fixed counter electrodes and the acceleration 

can be measured as a capacitive signal.6,7 

In addition to these examples, the function and working principle of many other MEMS 

requires the actuation of their mechanical components. Methods used for this purpose 

include electrothermal, electromagnetic, piezoelectric, and electrostatic actuation. How-

ever, due to its simplicity, electrostatic actuation is considered the most commonly used 

method in MEMS.8 For example, electrostatically actuated MEMS find widespread 
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applications as resonators for timing applications in electronic systems.3,9–11 Further, 

vibrating MEMS gyroscopes are widely used in smartphones, navigation systems, robotics, 

automotive electronics, gaming equipment, and military systems.6,12 These sensors contain 

a vibrating proof mass connected to movable electrode structures. When the sensor is 

rotated, the mass tends to continue vibrating in the same plane and the Coriolis force 

displaces the electrodes with respect to their fixed counter electrodes. Hence, similar as in 

the case of the above-mentioned acceleration sensor, the rotational movement can be 

measured as a capacitive signal. 

Another example are laser microscanners.13 In these devices, micromirrors are moved by 

piezoelectric or electrostatic forces to direct a reflected laser beam. Such MOEMS are used, 

for example, in projection displays, medical imaging devices, barcode scanners, and laser 

scanning microscopes. Also, varifocal micromirrors integrated with electrostatic comb 

drive scanners have been reported.14 These MOEMS may find application in laser scanning 

confocal microscopes, optical coherence tomography, and endoscopic laser surgery 

equipment.15,16 

Conventional MEMS are fabricated by combining a broad variety of lithographic patterning 

and etching techniques.17,18 Silicon is usually used as the base material and combined with 

other materials (e.g., piezoelectric ceramics, metals, polymers, glass) to enable specific 

functions.8 Noteworthy, additive manufacturing (AM) technologies provide a comple-

mentary approach to the fabrication of MEMS and are currently gaining increasing 

attention.8,18,19 Although still in its infancy, AM may eventually enable the fabrication of 

MEMS based on a broad diversity of functional materials, including various polymers, 

metals and ceramics.  

6.1.2 Hybrid NEMS Based on Nanomaterials – Some Examples 

In order to improve the performance of MEMS/NEMS, to further shrink their feature sizes, 

and to simplify the fabrication processes, several research groups studied the application of 

1D- and 2D-nanomaterials as transducing elements in NEMS.1,20–22 For example, some 

studies demonstrated the fabrication of barometric pressure sensors based on carbon nano-

tubes (CNTs) or graphene (cf. Chapter 4).23–28 Further, Rueckes at al. presented a 

nonvolatile random access memory based on freely suspended CNTs, which were used as 

electrostatically driven switches.29 Another study explored the potential application of a 

vibrating CNT as nanogyroscope.30 Furthermore, Bunch et al. demonstrated electro-

statically driven resonators consisting of freely suspended single- and multilayer graphene 

sheets.31 In addition, other types of 2D materials (MoS2, TaSe2, black phosphorus, and 

boron nitride) were used for the demonstration of resonators.1,22 In another remarkable 

study, Fan et al. demonstrated a highly sensitive acceleration sensor based on a freely 

suspended graphene nanoribbon with attached proof mass.32 When accelerating the sensor, 

the graphene ribbon was strained, due to inertia of the proof mass. Thus, based on the 

piezoresistive nature of the graphene ribbon, the acceleration could be measured as a 

resistive signal.  
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Freestanding nanoassemblies based on metal nanoparticles are another interesting class of 

stimuli responsive materials, which are promising for applications in novel types of hybrid 

MEMS/NEMS devices. For example, Jiang et al. proposed the application of freestanding 

GNP/polymer membranes as highly sensitive pressure sensors.33 In that study, a 

GNP/polymer membrane was bulged by applying an overpressure to one side of the 

membrane and, based on the optical properties of the GNPs, the membrane’s deflection 

could easily be detected with an interferometer. In own studies, we presented pressure 

sensors with freestanding GNP membranes as resistive transducers (cf. Chapter 4; 

Appendix A16.0634, A20.0135). Bulging the membranes under pressure load caused a 

highly sensitive increase of the membranes’ resistance, which was attributed to the strain-

induced increase of tunneling distances between the GNPs. In a related study, Gauvin et al. 

used conductive probe AFM experiments to study the piezoresistive responses of a 

freestanding GNP monolayer.36 Highly sensitive variations of conductance were observed 

when indenting the GNP membrane with the AFM tip. 

Other research groups investigated the application of freestanding GNP membranes as 

photodetectors. Li et al. presented a photodetector based on a freestanding membrane 

consisting of silica encapsulated GNPs.37 When exposing the membrane to light, plasmon-

enabled electron transport beyond the range of normal electron transport across insulators, 

was observed. A similar plasmonic enhancement of conductivity was also reported by Wu 

et al., who studied the charge transport properties of freestanding GNP networks.38 Further, 

Gauvin et al. observed enhanced photocurrents in freestanding GNP monolayers when 

exposing them to light with frequencies matching the GNPs’ LSPR band.39 This 

enhancement in photocurrent was attributed to efficient bolometric heating of the 

freestanding GNP layer. In another study, Tsukruk and coworkers reported the application 

of freestanding GNP membranes as Golay-type IR microimagers.40 Here, an array of 

microcavities was sealed with a freestanding GNP/polymer membrane. When the array was 

exposed to near-infrared (NIR) radiation, thermal expansion of the air trapped within the 

cavities deflected the GNP membranes. Due to the presence of the GNPs, this deflection 

could easily be observed by variations of optical reflections at the membranes’ surface. The 

sensitivity of these IR imagers was 1 nm/mK, exceeding the sensitivity of Golay cells based 

on silicon membranes by one order of magnitude.41 

Some further studies explored the magnetic and piezoelectric actuation of freestanding 

nanoparticle membranes. For example, Kandpal et al. used a photolithographic approach 

to prepare freestanding membranes of ferromagnetic cobalt nanoparticles embedded in 

SU-8 resist.42 As these membranes could be actuated using a magnetic field, they were 

proposed for applications as actuators in MEMS. In a similar study, Singh et al. 

demonstrated the fabrication of a magnetic valve based on a freestanding membrane of 

cobalt nanoparticles embedded in polydimethylsiloxane (PDMS).43 Further, Markutsya et 

al. used piezoelectric actuation to excite the oscillation of freestanding GNP/polymer 

membranes.44 In order to estimate the elastic modulus of the membrane material, the 

measured frequency spectra were analyzed using a circular plate model. In a subsequent 

study, Kanjanaboos et al. investigated the oscillations of freestanding monolayers of 

dodecanethiol-capped GNPs.45 As in the work of Markutsya et al., a piezoelectric actuator 
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was used to excite the membrane’s oscillations. To measure the frequency spectra and to 

map the vibrational modes of the membrane, their setup was combined with a laser-

interferometric microscope. The experimental data showed that freestanding GNP mono-

layers behave like prestressed drumheads with negligible bending stiffness. Due to the 

extremely low mass and low stiffness, it was suggested that such membranes may respond 

extremely sensitive to external forces. Hence, GNP membranes may provide a path to novel 

sensing applications and control of nanomechanical motion.45 

6.1.3 Electrostatic Actuation of Cross-Linked Gold Nanoparticle Membranes 

As described in Chapters 2 and 3, we fabricated freestanding membranes of ,-

alkanedithiol cross-linked GNPs and studied their mechanical properties (Appendix 

A11.0146, A14.0147, A19.0348). AFM bulge tests revealed elastic moduli increasing from 

~3 to ~10 GPa with decreasing length of the cross-linker. Further, such GNP membranes 

could resist ultimate tensile stresses of more than ~30 MPa, corresponding to ultimate 

tensile strains of at least ~1.0 %. Hence, these materials are robust enough to study how 

their stimuli responsive electrical, optical, mechanical, and chemical properties can be 

combined for the design of novel NEMS devices. Chapter 4 already presented highly 

sensitive barometric pressure sensors based on such cross-linked GNP membranes 

(Appendix A16.0634, A20.0135). Inspired by the above-discussed working principles of 

actuated MEMS sensors, we decided to also explore the electrostatic actuation of GNP 

membranes. 

 
Figure 6.1.1 a) Cross-sectional view of an electrostatic actuator with a GNP membrane deposited 

onto a ring-shaped top electrode. b) Optical microscopy image of an electrostatic actuator with 

GNP membrane (scale bar: 100 µm). Panels c) and d) show SEM images of an actuator before and 

after depositing the GNP membrane (scale bars: 60 and 100 µm, respectively). Panels e) and f) 

show TEM images of a 1,6-hexanedithiol cross-linked GNP membrane (scale bars: 100 and 50 nm, 

respectively). Reproduced with permission from Ref. 49: Freestanding Membranes of Cross-Linked 

Gold Nanoparticles: Novel Functional Materials for Electrostatic Actuators, H. Schlicke et al., ACS 

Appl. Mater. Interfaces 2015, 7, 15123. Copyright 2015 American Chemical Society. (DOI: 

10.1021/acsami.5b02691) 

https://doi.org/10.1021/acsami.5b02691
https://doi.org/10.1021/acsami.5b02691
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Figure 6.1.1a shows a cross-sectional view of a hybrid MEMS device with electrostatically 

actuated GNP membrane (Appendix A15.0149). In the first step of the fabrication process, 

a ~10 µm thick layer of SU-8 photoresist was spin-coated onto a silicon substrate. The 

resist layer was patterned using standard photolithography to provide circular cavities with 

diameters of ~200 µm, as shown in Figure 6.1.1c. Further, ring-shaped gold electrodes were 

deposited onto the SU-8 layer in a second lithographic step. Afterwards, a 1,6-hexanedithiol 

cross-linked GNP film was prepared using our standard layer-by-layer spin-coating 

procedure and transferred onto the patterned SU-8 layer (cf. Chapter 2, Appendix 

A11.0146). The GNPs used for membrane fabrication had core diameters of 3-4 nm and the 

thickness of the membranes could be adjusted in the range from 20 to 100 nm. Micrographs 

of two devices with the GNP membranes deposited onto the circular cavities are shown in 

Figures 6.1.1b and d. Further, the TEM images presented in Figures 6.1.1e and f reveal the 

membrane’s granular morphology with grain sizes corresponding to the GNP core sizes. 

Figure 6.1.2a (top left) shows a schematic of the AFM setup used to study the electrostatic 

actuation of freestanding GNP membranes. A bias voltage ranging from -40 to +40 V was 

applied to the ring-shaped top electrode (which was in direct contact with the GNP 

membrane) and the silicon substrate, serving as bottom electrode. To measure the 

membrane’s deflection, the AFM tip was positioned close to the center of the membrane in 

contact mode, as shown by the optical microscopy image in Figure 6.1.2a (top right). The 

bottom part of Figure 6.1.2a shows how the deflection of the membrane (blue trace) 

followed instantaneously the applied voltage signal (red trace). As expected, the membrane 

was deflected inward, independent of the applied bias direction. Further, the deflection 

increased with increasing absolute voltage. At bias voltages of ±40 V the measured 

deflection was ~0.6 µm. Due to the elasticity of the taut membrane, the deflection was fully 

reversible. 

As shown in Figure 6.1.2b, these findings were confirmed when the electrostatic actuation 

of the GNP membrane was observed with a confocal microscope. As shown by the color 

maps, an applied bias of ±40 V deflected the membrane’s center by ~0.7 µm. These data 

clearly confirm the functionality of electrostatic actuators based on freestanding GNP 

composites. 

In order to estimate the electrostatic force acting on the GNP membrane, the actuator can 

be considered as a plate capacitor with the membrane and the silicon substrate being the 

two electrodes. Hence, the force F per unit area acting on the GNP membrane is given by 

the following equation (cf. Appendix A15.0149): 

2

22
=

F V

A d


         (6.1) 

Here, A is the freestanding membrane area, V is the applied voltage, d is the distance 

between the membrane and the silicon wafer, and  is the permittivity of air, which can be 

approximated by taking the vacuum permittivity 0.  
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Figure 6.1.2 a) AFM setup used to measure the electrostatic actuation of a GNP membrane (top, 

left). Optical microscopy image showing the AFM tip close to the center of the 1,6-hexanedithiol 

cross-linked GNP membrane (top, right). The plotted data show the applied voltage transients as 

red line and the resulting membrane deflections as blue line (bottom). The diameter of the 

freestanding membrane section was ~200 µm. The membrane’s thickness was ~45 nm. b) Confocal 

microscopy setup used to measure the electrostatic actuation of the GNP membrane (top, left). 

Optical micrograph showing the 1,6-hexanedithiol cross-linked GNP membrane (~29 nm thickness) 

on a circular cavity (bottom, left; scale bar: 50 µm). Confocal microscopy images showing the 

deflection of the GNP membrane at different bias voltages (top and bottom, right). Reproduced with 

permission from Ref. 49. Freestanding Membranes of Cross-Linked Gold Nanoparticles: Novel 

Functional Materials for Electrostatic Actuators, H. Schlicke et al., ACS Appl. Mater. Interfaces 

2015, 7, 15123. Copyright 2015 American Chemical Society. (DOI: 10.1021/acsami.5b02691) 

Further, the relation between the overpressure p acting on one side of an elastic circular 

membrane and the central point deflection h of the bulged membrane, is given by the 

following equation (cf. Appendix: A14.0147):50 

( ) 3 0

4 2

48

3
= +

tYt
p h h h

a a


       (6.2) 

https://doi.org/10.1021/acsami.5b02691
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Here, Y is the biaxial modulus of the membrane, t is the membrane thickness, a is the 

aperture radius, and 0 is the membrane’s prestress. This equation is a useful approximation 

for small membrane deflections (h « a) and small membrane thicknesses (t « h).50 

Equating the electrostatic pressure F/A (Equation 6.1) with the overpressure p(h) acting on 

a bulged membrane (Equation 6.2), provides a model, which relates the applied voltage V 

to the membrane’s deflection h (cf. Appendix A15.0149):  

2
3 0

2 4 2

48

2 3
= +

tV Yt
h h

d a a


       (6.3) 

Note, this model neglects changes in the electric field due to the deformation of the 

membrane. Therefore, it is applicable as long as the membrane’s deflection h is 

significantly smaller than the distance d between the membrane and the silicon substrate. 

Hence, Equation 6.3 is expected to provide a useful description of increasing membrane 

deflections with increasing bias voltage within the limit of small deflections, i.e., h « d 

(Appendix A15.0149). 

Figure 6.1.3a presents the V(h) data of four actuators. Here, data sets A (red circles) and B 

(blue squares) refer to the measurements presented in Figures 6.1.2a and b, respectively. 

Data sets C and D refer to another pair of actuators which were studied using a commercial 

laser interferometer (Appendix A15.0149). The fits to the data (solid lines) are based on 

Equation 6.3. The thickness t of the GNP membranes and their distance d to the silicon 

substrate are presented in Table 6.1.1. Further, the radius a of the circular cavities was 100 

µm and the biaxial modulus Y of the 1,6-hexanedithiol cross-linked GNP membranes was 

8.9 GPa, as determined by AFM bulge tests (cf. Chapter 3; Appendix A15.0149). Hence, 

the only free fit parameter was the membranes’ prestress 0. As seen in Figure 6.1.3a, the 

fit functions are in good agreement with the experimental data. The prestress values 0 

were extracted as fit parameters and are included in Table 6.1.1. They are within the low 

MPa range, which is typical for ,-alkanedithiol cross-linked GNP membranes (cf. 

Appendix A19.0348). The deviation of the prestress value observed for device C was 

attributed to the manual transfer of the GNP membrane onto the patterned substrate, which 

makes the fabrication of membranes with well-defined prestress difficult. Note, actuator D 

showed significantly stronger responses to the applied voltages than actuators A and B, 

although the membranes had a similar prestress. Therefore, the stronger responses of 

actuator D were attributed to the shorter distance d between the membrane and the 

substrate, which leads to higher electric field strengths at the applied voltages. Further, as 

the distance d was very similar for devices C and D, the stronger responses of actuator D 

were attributed to the significantly lower prestress of the GNP membrane. This finding 

underlines the importance of the prestress term in Equation 6.3 to accurately describe the 

actuator’s performance. 

Inserting the parameters of the actuators and deflection values of up to 0.7 µm into both 

terms of Equation 6.3, shows that the prestress term is at least one order of magnitude 

higher than the elastic modulus term. This dominance of the prestress term is also observed 

when plotting the voltage vs. deflection data on a log/log scale. As seen in Figure 6.1.3b, 
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the slope of linear fits to the data is ~0.5, confirming that the prestress term is indeed the 

dominating term of Equation 6.3.  

 
Figure 6.1.3 a) Voltage deflection data of GNP membrane actuators acquired by AFM 

measurements (A, red), confocal microscopy (B, blue), and interferometry (C, green; D, yellow). 

Equation 6.3 was used to obtain the curve fits (solid lines). b) log/log plots of voltage vs. deflection 

data for actuators C and D. The linear curve fits (solid lines) reveal a slope of ~0.5. Reproduced 

with permission from Ref. 49: Freestanding Membranes of Cross-Linked Gold Nanoparticles: 

Novel Functional Materials for Electrostatic Actuators, H. Schlicke et al., ACS Appl. Mater. 

Interfaces 2015, 7, 15123. Copyright 2015 American Chemical Society. (DOI: 

10.1021/acsami.5b02691) 

 
Table 6.1.1 Specifications of electrostatic actuators referred to in Figure 6.1.3. t: membrane 

thickness, d: distance between the membrane and the silicon substrate (back electrode), 0: prestress 

of the GNP membrane. Adapted with permission from Ref. 49. Freestanding Membranes of Cross-

Linked Gold Nanoparticles: Novel Functional Materials for Electrostatic Actuators, H. Schlicke et 

al., ACS Appl. Mater. Interfaces 2015, 7, 15123. Copyright 2015 American Chemical Society. 

(DOI: 10.1021/acsami.5b02691) 

In summary, the above-presented study showed that cross-linked GNP membranes are 

interesting materials for applications in novel types of hybrid MEMS/NEMS devices. 

Based on their elasticity and electric conductivity, they can be employed as electrostatically 

driven actuators. Further, by varying the size of the GNPs, or the size and structure of the 

cross-linking molecules, the optical, electrical, and mechanical properties of GNP 

membranes can be adapted to specific applications (cf. Chapter 3). For example, due to 

their high reflectivity, circular GNP membranes may find applications as electrostatically 

driven varifocal micromirrors. Additionally, we showed that the performance of 

https://doi.org/10.1021/acsami.5b02691
https://doi.org/10.1021/acsami.5b02691
https://doi.org/10.1021/acsami.5b02691
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electrostatically actuated GNP membranes depends on their prestress. Thus, MEMS/NEMS 

applications of actuated GNP membranes will eventually require fabrication processes 

which enable the reproducible adjustment of their prestress. 

6.1.4 Electrostatically Driven Drumhead Resonators 

By applying an AC voltage to the electrodes of above-described electrostatic actuators, it 

is possible to excite vibrational modes of the GNP membrane. Figure 6.1.4a shows a 

slightly modified design of an electrostatic actuator, which was used to study a drumhead 

resonator with GNP membrane (Appendix A16.0351). According to this design, a circular 

back electrode was placed onto the oxide layer of a silicon wafer by conventional 

photolithography. A cylindrical cavity was opened in a ~10 µm thick SU-8 layer above the 

back electrode. The diameter of the cavity was adjusted between ~50 and ~100 µm. In a 

final lithographic step, a gold top electrode was deposited onto the SU-8 layer. Finally, a 

1,6-hexanedithiol cross-linked GNP film was transferred onto the top electrode to form the 

freestanding GNP drumhead above the cavity (cf. Chapter 2; Appendix A14.0147). 

Figure 6.1.4b depicts the experimental setup used to study the membrane’s vibrational 

behavior. The devices were placed into a vacuum cell (10-2 - 10-1 mbar) and the membrane’s 

oscillations were excited by applying an AC voltage V(t) according to the following 

equation: 

( ) ( )DC AC dsin 2= +V t V V f t        (6.4) 

Here, VDC is an offset voltage, VAC is the amplitude of the resonators drive voltage, and fd 

is the drive frequency. In order to avoid a change of the bias direction during the 

experiments, VDC was set to a larger value than VAC. Typical values for VDC and VAC were 

in the range of 5 - 15 V and 2.5 - 5 V, respectively.  

 
Figure 6.1.4 a) Schematic of an electrostatically driven drumhead resonator with GNP membrane. 

b) Experimental setup used to characterize the resonator’s vibrational modes. A function generator 

(FG) provided a sine voltage signal, which was amplified (AMP) to drive the membrane resonator 

mounted within the vacuum chamber. A laser interferometer was used to record the deflection time 

traces of the oscillating GNP membrane. Reproduced from Ref. 51 with permission from the Royal 

Society of Chemistry. (DOI: 10.1039/C6NR02654K) 

https://pubs.rsc.org/en/content/articlehtml/2016/nr/c6nr02654k
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In order to obtain the amplitude spectra of the GNP membrane, the drive frequency fd was 

varied from 10 kHz to 2 MHz and the deflection time traces were recorded at each set 

frequency using a commercial interferometric MEMS analyzer. The magnitude of the 

vibration’s Fourier component C was computed for each deflection time trace and the 

amplitude spectra were plotted as h0(fd)=2|C(fd)|. Figure 6.1.5a shows a typical amplitude 

spectrum of a GNP membrane, which was acquired by measuring the deflection at the 

membrane’s center. As explained below, the four signals observed in this experiment were 

assigned to the (0,1), (0,2), (0,3), and (0,4) vibrational modes. Note, in the case of the 

fundamental (0,1) mode, which was detected at 379 kHz, the spectrum reveals an amplitude 

of the vibrating membrane of almost 0.6 µm. 

 
Figure 6.1.5 a) Amplitude spectrum of an electrostatically driven resonator with 1,6-hexanedithiol 

cross-linked GNP membrane as drumhead (membrane thickness: ~38 nm; diameter: ~100 µm; GNP 

size: ~3.6 nm). The spectrum was recorded by measuring the membrane’s oscillation at the center 

of the membrane. b) Amplitude spectrum of the same resonator measured at an off-center position 

at half radius of the membrane. c) Amplitude maps of a GNP membrane resonator (membrane 

thickness: ~52 nm; diameter: ~100 µm; GNP size: ~3.6 nm). The map to the left was generated 

using the amplitude measured at the assigned resonance frequency f0,1. The maps in the middle and 

to the right were generated using the maximum amplitudes measured within the frequency ranges 

2.20 f0,1 - 2.40 f0,1 and 3.50 f0,1 - 3.80 f0,1, in which the (0,2) and (0,3) modes were expected. 

Reproduced from Ref. 51 with permission from the Royal Society of Chemistry. (DOI: 

10.1039/C6NR02654K) 

The natural resonance frequencies fm,n of a clamped circular membrane under tensional 

stress , with density , and with negligible bending stiffness, can be calculated using the 

following equation:45,52 

https://pubs.rsc.org/en/content/articlehtml/2016/nr/c6nr02654k
https://pubs.rsc.org/en/content/articlehtml/2016/nr/c6nr02654k
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=         (6.5) 

Here, a is the membrane’s radius and m,n is a constant given as the m-th root of the n-th 

order Bessel function of a vibrating circular membrane. The vibrational modes (n,m) are 

characterized by the number of nodal lines, were n denotes the number of diametric nodal 

lines crossing the membrane’s center and m denotes the number of concentric nodal circles. 

Hence, because the amplitude spectrum shown in Figure 6.1.5a was measured at the center 

of the membrane, only the (0,m) modes were observed. Based on the assignment of the 

fundamental mode vibration (0,1) to the signal measured at 379 kHz, the frequencies of 

higher vibrational modes were calculated using Equation 6.5. The calculated frequencies 

f0,2, f0,3, and f0,4, which are indicated by vertical grey lines in Figure 6.1.5a, agree very well 

with the peaks observed in the amplitude spectrum. Additionally, Equation 6.5 was used to 

calculate the prestress   of the membrane. Using the membrane’s radius a = 50 µm, the 

measured fundamental mode frequency f0,1 = 379 kHz, the mass density  = 3.8 g cm-3 

(estimated based on XPS measurements53), and 0,1 = 2.405, revealed a tensional stress 

value of  = 9.3 MPa. This value falls into the range of prestress values reported for ,-

alkanedithiol cross-linked GNP membranes which have been studied by AFM bulge tests 

(cf. Chapter 3; Appendix A19.0348).  

The amplitude spectrum presented in Figure 6.1.5b was measured with the laser 

interferometer positioned off-center at the half radius of the membrane. As expected, this 

spectrum features various signals for (n,m) vibrational modes. Here, the frequency of the 

(0,1) vibrational mode was shifted to somewhat higher values (f0,1 = 392 kHz), possibly 

due laser-induced heating of the membrane during the measurements. Based on the 

assigned fundamental mode frequency, the higher mode frequencies were again calculated 

using Equation 6.5. As indicated by the grey vertical lines in Figure 6.1.5b, most of the 

calculated frequencies agree well with the positions of the observed signals. 

In a subsequent series of experiments a larger number of membrane resonators was charac-

terized to study the effect of the membrane’s diameter and thickness on the fundamental 

mode frequency. In general agreement with Equation 6.5, a decrease of the membrane’s 

diameter from 100 to 50 µm increased the f0,1 frequency by a factor of ~2. More specifically, 

for membranes with a thickness of ~34 nm the f0,1 frequency increased from 376 ± 18 kHz 

to 735 ± 4 kHz, while for membranes with a thickness of ~51 nm, the f0,1 frequency 

increased from 336 ± 28 kHz to 697 ± 53 kHz. These data indicate that the average 

resonance frequencies of the thinner membranes were slightly higher than those of the 

significantly thicker ones. According to Equation 6.5, this finding suggests that the 

membranes’ average prestress  increased somewhat with decreasing membrane 

thickness. 

In order to confirm the assignment of the vibrational modes to the observed resonances (see 

Figure 6.1.5a), amplitude maps of the vibrating membranes were recorded (cf. Appendix 

16.0351). To this end, the laser of the interferometer was scanned over the excited GNP 

membrane and amplitude spectra were recorded at each mapping position. The amplitude 
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maps were generated by plotting the measured peak amplitudes of the respective spectral 

regions at their mapping coordinates. Figure 6.1.5c shows the amplitude maps of a ~52 nm 

thick GNP membrane. The map referring to the assigned f0,1 frequency reveals the expected 

features of the (0,1) mode with one maximum at the membrane’s center, which smoothly 

decays to the edge of the circular membrane. Further, the maps of the spectral regions 

assigned to the (0,2) and (0,3) modes reveal the characteristic nodal lines expected for these 

modes. Hence, these maps clearly confirm the above-discussed assignments of the observed 

resonance frequencies to their vibrational modes. Note, the nodal lines observed in the maps 

of the (0,2) and (0,3) modes deviate from the expected circular shape. This distortion was 

attributed to local heating by the laser, which was scanned line-by-line over the membrane. 

In later experiments (cf. Section 6.1.5), we showed that such distortion can be avoided by 

scanning the laser in a randomized mode over the membrane (cf. Appendix A21.0154). 

Another important feature of a resonator is its quality factor Q, which provides a measure 

for damping of the oscillation due to energy dissipation. The Q-factor is defined as the ratio 

of energy initially stored in the resonator to the energy dissipated during one radian of the 

oscillation. Energy dissipation in MEMS/NEMS resonators is due to extrinsic and intrinsic 

sources.55 The extrinsic sources include gas damping, clamping losses, and coupling losses 

mediated through a transducer. Intrinsic dissipation sources include thermoelastic damping 

via anharmonic coupling between mechanical modes and the phonon reservoir, electron-

phonon and phonon-phonon interactions, as well as anelastic losses involving defects in 

the bulk and at surfaces. The dominant role of surfaces in energy dissipation is clearly seen 

by an approximately linear decrease of the Q-factor with decreasing dimensions of the 

resonator, i.e., with decreasing volume-to-surface ratio.55 Hence, compared to real 

macroscopic mechanical resonators with Q-factors of up to ~109, the Q-factors of NEMS 

resonators fabricated from different types of materials are usually rather small, i.e., in the 

103 - 105 range.55,56 From an applications point of view, energy dissipation limits the 

sensitivity of MEMS/NEMS resonators to external forces, degrades their spectral purity 

(broadening of the natural linewidths), and sets the minimum intrinsic power level for 

device operation. Hence, the achievement of high Q-factors is a major objective in 

fundamental and applied research in NEMS.55 

In our study we determined the Q-factors of the GNP membranes by conducting ringdown 

experiments. In these experiments, the membranes were excited by a burst of 10 - 80 sine 

voltage cycles at the f0,1 resonance frequency. After switching off the drive signal, the decay 

time  was determined by measuring the ringdown of the oscillating membrane. With this, 

the Q-factor was calculated using Equation 6.6:57 

0,1πQ f=          (6.6) 

In total, 14 membranes with a diameter of ~100 µm and 12 membranes with a diameter of 

~50 µm were analyzed, revealing average Q-factors of 1288 ± 416 and 797 ± 183, 

respectively. In these experiments the membranes’ thicknesses varied in the range between 

33 and 52 nm without any discernable influence on the observed Q-factor. However, the 

larger membranes showed a larger mean Q-factor than the smaller ones. This finding was 
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attributed to decreasing energy dissipation via clamping losses with increasing membrane 

diameter (cf. Appendix 16.0351). 

For comparison, Barton et al. studied the Q-factors of resonators based on circular graphene 

membranes.58 Similar to our experiments, the resonators were placed into a vacuum 

chamber with the pressure adjusted below 10-2 mbar. In general agreement with our 

findings, they observed a decrease of the fundamental mode’s Q-factor from ~2400 to ~100 

when decreasing the diameter of the membrane from 22.5 to ~3 µm. Further, Kanjanaboos 

et al. determined the Q-factors of drumhead resonators based on freestanding GNP 

monolayers.45 In their experiments, the resonators were kept in a vacuum chamber under 

~10-6 mbar. When decreasing the membrane’s diameter from ~9 to ~6 µm, the Q-factor of 

the fundamental mode resonance decreased from ~500 to ~180. Noteworthy, when the 

measurements were performed under ambient pressure, the Q-factors decreased by one 

order of magnitude and were limited to ~10, due to viscous and acoustic damping. In 

another study, Adiga et al., studied the energy dissipation of silicon nitride drum 

resonators.52 The high-stress membranes had an average thickness of ~27 nm and diameters 

ranging from 50 to 400 µm. During the measurements, the resonators were kept in a vacuum 

chamber under ~10-7 mbar. Here, the observed Q-factors of the fundamental mode 

oscillation scattered around ~105, without discernable correlation with the membrane’s 

diameter. However, the measured energy dissipation depended on the vibrational mode of 

the membrane. For low radial harmonic numbers (n = 0, m ≤ 3), membranes with a 

diameter of 400 µm showed a decrease in energy dissipation with increasing mode number. 

In contrast, membranes with a diameter of 50 µm showed the opposite behavior.  

In summary, it is quite remarkable that the Q-factors of our cross-linked GNP membranes 

are comparable to much thinner and structurally very different graphene membranes. 

Furthermore, the Q-factors of both membrane types followed a similar trend when 

decreasing their diameter. However, energy dissipation in NEMS resonators is a complex 

process involving a broad variety of extrinsic and intrinsic sources. So far, the 

experimentally observed trends are only partially understood and their profound 

interpretation remains a challenge of ongoing research activities.1,45,52,58,59  

6.1.5 Fabrication of Membrane Resonators with Adjustable Prestress via Transfer 

Printing 

The GNP membrane resonators presented in the preceding sections were prepared using a 

manual procedure: First, the cross-linked GNP films were detached from their original 

substrates by carefully dipping the sample into water. After this step, the detached GNP 

films floated on the water subphase and were transferred onto lithographically structured 

substrates by skimming them manually from the air/liquid interphase. Obviously, this pro-

cedure suffers from several drawbacks. First, the method is laborious and not scalable and, 

therefore, not compatible with economic fabrication processes. Second, the method leads 

to significant variations of the resonators’ characteristics, which are mainly caused by the 

broad scattering of the membranes’ prestress. Third, the yield of intact devices is low, 

because the membranes easily rupture during the manual handling procedure. 
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In order to solve these problems, we explored the fabrication of GNP membrane resonators 

via transfer printing (Appendix A21.0154). Details of this process are described in Chapter 

2 (cf. Section 2.3). After adjusting the contact pressure at which the GNP membranes are 

pressed onto the target substrate, this method enabled the fabrication of intact resonators 

with yields of ~70 %. Importantly, by varying the temperature during the stamping step, it 

was possible to adjust the prestress of the GNP membranes and, hence, to set the resonance 

frequency of the resonators. Figure 6.1.6 illustrates the transfer process and the structure of 

the square membrane resonators fabricated according to this method.  

 
Figure 6.1.6 Fabrication of GNP membrane resonators. Top left: Transfer of the GNP film (purple) 

to the surface-oxidized silicon substrate (green/grey) with top electrode (yellow). The PDMS stamp 

(transparent) was pressed with controlled contact pressure (1.8 bar) and at defined temperature onto 

the substrate. Top middle: The surface of the substrate comprised an array of lithographically etched 

square cavities (~70 µm edge length, ~10 µm depth), which were covered with the transferred GNP 

membrane. Bottom middle: Cross-sectional view of a square membrane resonator. A laser 

interferometer (red) was used to study the resonator’s oscillations. Top right: Photograph showing 

a silicon substrate with an array of GNP membrane resonators. Bottom right: Optical micrograph 

showing one square resonator. Bottom left: SEM image of a square resonator with bulged GNP 

membrane. Adapted with permission from Ref. 54: Transfer Printing of Freestanding 

Nanoassemblies: A Route to Membrane Resonators with Adjustable Prestress, H. Hartmann et al., 

ACS Appl. Mater. Interfaces 2021, 13, 40932. Copyright 2021 American Chemical Society. (DOI: 

10.1021/acsami.1c11431) 

The transfer-printed resonators were characterized using the same experimental setup as in 

the above-presented study, see Figure 6.1.7a. However, the pressure in the test chamber 

was increased to ~10 mbar to minimize local heating of the GNP membrane by the laser. 

Figure 6.1.7b shows a typical amplitude spectrum of a square GNP membrane resonator.  

The resonance frequencies of a clamped square membrane of edge length l and with m,n ≥ 1 

can be calculated using the following equation:  
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+
=        (6.7) 
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Here, m and n are the number of antinodes in the direction of the two in-plane coordinates 

oriented along the edges of the square membrane,  is the prestress, and  is the 

membrane’s volumetric mass density. Note, square resonators exhibit a number of 

degenerated modes, i.e., (m,n) and (n,m) modes, rendering only the combinations of these 

modes excitable. Further, modes with even m or n cannot be excited in our experiments, as 

the nodal lines of these modes divide the membrane area into an even number of equally 

sized sections deflected in opposite direction. Therefore, the average membrane deflection 

is zero at any time. Hence, these modes cannot be excited by the electrostatic actuation 

method used in our experiments. 

 
Figure 6.1.7 a) Setup for studying the vibrational behavior of electrostatically excited square mem-

branes of 1,6-hexanedithiol cross-linked GNPs (core size: ~3.9 nm). b) Amplitude spectrum of a 

square membrane (thickness: ~45 nm; edge length: ~79 µm). c) Amplitude maps acquired at the 

frequencies indicated in (b). For each map, the simulated mode is shown on the right. The scale bar 

shown in the f1,1 map represents 50 µm and applies to all three amplitude maps. Reproduced with 

permission from Ref. 54: Transfer Printing of Freestanding Nanoassemblies: A Route to Membrane 

Resonators with Adjustable Prestress, H. Hartmann et al., ACS Appl. Mater. Interfaces 2021, 13, 

40932. Copyright 2021 American Chemical Society. (DOI: 10.1021/acsami.1c11431) 

According to these considerations, the major peak in the amplitude spectrum was assigned 

to the fundamental mode frequency f1,1. Based on this assignment, the resonance 

frequencies of the combined degenerated (1,3+3,1) and (1,5+5,1) modes were calculated 

using Equation 6.7. As indicated in Figure 6.1.7b, the calculated frequencies (dotted red 

lines) nearly match the resonance peaks observed in the amplitude spectrum. Further, 

amplitude mapping experiments were performed, as in the case of the above-discussed 

circular drumhead resonators (cf. Figure 6.1.5c). The amplitude maps, which are displayed 

in Figure 6.1.7c, clearly confirm the correct assignment of the three vibrational modes to 

the peaks observed in the amplitude spectrum. Note, distortion of the amplitude maps due 

https://doi.org/10.1021/acsami.1c11431
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to local heating of the membrane by the laser was prevented by scanning the membrane in 

a randomized order. 

The prestress of the square membrane can be calculated using Equation 6.7 (cf. Appendix 

21.0154). For this purpose, the membrane’s density  was estimated using the model of 

randomly packed spheres with a diameter of 3.9 nm. Based on SAXS measurements, the 

closest surface-to-surface distance between the spheres was assumed to be 0.6 nm. With 

this value, the model returned a mass density of 8.27 g cm-3. Inserting this value into 

Equation 6.7, together with the measured fundamental mode frequency f1,1 (405 kHz) and 

the edge length l (78.8 µm), returned a prestress 0 of 16.8 MPa for the resonator considered 

in Figure 6.1.7b. For comparison, the prestress values of the above-presented circular 1,6-

hexanedithiol cross-linked GNP membranes, which were transferred onto holey substrates 

by flotation and skimming, scattered in the range from -11 to 10 MPa (cf. Appendix 

A19.0348). 

As indicated by the amplitude spectra shown in Figure 6.1.8a, the fundamental mode 

resonance frequency f1,1 of transfer-printed GNP membranes increased when increasing the 

temperature during the transfer step (cf. Figure 6.1.6). This effect was attributed to the 

pronounced thermal expansion of the PDMS stamp, which causes increasing biaxial strain 

of the GNP membrane and, therefore, increasing prestress of the transferred membrane with 

increasing temperature. Hence, according to Equation 6.7, the resonance frequency shifts 

to higher values with increasing transfer temperature. 

 

 
Figure 6.1.8 a) Amplitude spectra of three 1,6-hexanedithiol cross-linked GNP membranes 

(thickness: ~45 nm, edge length: 78.8 µm) which were transfer-printed at different temperatures. 

b) Histograms of the fundamental mode resonance frequencies f1,1 of membranes transfer-printed 

at different temperatures. Normal distribution functions (solid lines) were fitted to the data. The 

corresponding prestress range is shown by the upper axis. Reproduced with permission from Ref. 

54: Transfer Printing of Freestanding Nanoassemblies: A Route to Membrane Resonators with 

Adjustable Prestress, H. Hartmann et al., ACS Appl. Mater. Interfaces 2021, 13, 40932. Copyright 

2021 American Chemical Society. (DOI: 10.1021/acsami.1c11431) 

 

https://doi.org/10.1021/acsami.1c11431


CHAPTER 6 

221 
 

The histograms presented in Figure 6.1.8b show the statistical scattering of the f1,1 

frequency for a larger number of membranes, which were transfer-printed at three different 

temperatures. Together with additional statistical data (Appendix 21.0154), these results 

show that the average prestress shifted from ~14 to ~28 MPa when increasing the transfer 

temperature from 5 to 48 °C. In general, the standard deviation of prestress values of 

parallel printed membranes was below 10 %, while the deviations of the average prestress 

between resonators printed onto different substrates (at the same temperature) were 21%, 

or less. 

In another set of experiments, we determined the quality factors Q of numerous square 

membranes, which were printed at different transfer temperatures (Appendix 21.0154). The 

performed ringdown experiments revealed decay times  of ~1.1 × 10-4 s, without showing 

any correlation with the membranes’ prestress. Hence, according to Equation 6.6, the 

quality factors increased from ~130 to ~180 with increasing f1,1 frequency from ~380 to 

~520 kHz. However, due to scattering of the data, a distinct linear correlation could not be 

confirmed. Note, the values of the Q-factors were significantly below those of the above-

presented circular GNP membranes. The smaller Q-factors of the square membranes were 

attributed to the higher pressure in the test chamber, which was set to 10 mbar, i.e., two 

orders of magnitude higher than in the experiments with the circular resonators. Due to 

enhanced viscous and acoustic damping it is expected that the Q-factors decrease with 

increasing pressure.  

In conclusion, the above-presented results showed that transfer-printing is a promising ap-

proach to the fabrication of hybrid MEMS/NEMS resonators based on cross-linked GNP 

membranes. Compared to previous protocols, in which the GNP membranes were trans-

ferred by skimming the GNP films from a liquid subphase (Appendix A14.0147, A19.0348), 

the scattering of pre-stress values was significantly reduced. Moreover, the membrane’s 

prestress could be tuned by adjusting the temperature during the transfer step. Note, the 

fabrication of freestanding membranes from graphene oxide/silk fibroin nanocomposites 

required only little adjustments of the transfer process (Appendix A21.0154) Hence, this 

method can be adapted for the fabrication of freestanding membranes from very different 

types of nanocomposites. 

6.2  Freestanding Membranes of Cross-Linked Gold Nanoparticles as Chemical 

Sensors 

6.2.1 Micromechanical Gas Sensors – A Brief Review 

Over the past decades, different types of gravimetric chemical sensors have been developed 

which are all based on electromechanical signal transduction. The most prominent 

examples are the quartz crystal microbalance (QCM), surface acoustic wave (SAW) 

sensors, thin film bulk acoustic wave resonators (FBAR), and microcantilever reso-

nators.60,61 In general, these sensors are based on resonators oscillating at their fundamental 

(or higher) mode resonance frequency. Since the resonance frequency is highly sensitive to 

changes of the resonator’s mass, the binding of analyte molecules at the resonator’s surface 

is detected as a shift of the resonance frequency. Often, the resonator is based on (or 
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mechanically coupled to) a piezoelectric actuator, which is excited by applying an AC 

voltage of matching frequency. 

The beginnings of mass sensitive chemical sensors date back to works of Sauerbrey in the 

late 1950s.62 He reported that the resonance frequency shift f of a piezoelectric quartz 

crystal is proportional to the mass m deposited on its surface. Further, he noted that the 

sensitivity f/m of a QCM is proportional to the square of its resonance frequency, as it 

is expressed by the well-known Sauerbrey equation.60,62 Following the fundamental study 

of Sauerbrey, King demonstrated the first piezoelectric vapor sensor in 1964.63 Since then, 

various chemical sensors based on QCMs have been developed for a broad range of 

analytical applications.64–68 In order to provide QCMs with chemical selectivity, they are 

usually coated with a sensitizer, often consisting of a thin polymer layer. However, other 

materials are also being used as sensitizers, including self-assembled monolayers (SAMs), 

supramolecular compounds (e.g., calixarenes, cyclodextrines, synthetic antibodies), and 

different types of nanomaterials.61,69 When exposing the QCM to the sample of interest, 

partitioning of analyte molecules increases the mass of the coating and a downshift of the 

resonance frequency is observed. Besides applications as chemical sensors, QCMs are 

valuable tools for studying sorption of molecules in thin film materials. In different 

projects, we coated QCM sensors with GNP films to study their interaction with various 

volatile compounds (cf. Chapter 5, Appendix A04.0153, A07.0170, A07.0271, A16.0172). 

QCMs are shear mode resonators consisting of a thin quartz plate sandwiched between a 

pair of metal electrodes. The quartz plates are rather large, with typical diameters in the 

~1.0 cm range. Their fundamental mode resonance frequency f0 is limited by the thickness 

d of the quartz plate, according to the relation f0 = v/(2d), were v is the acoustic velocity of 

quartz.60 Hence, typical operating frequencies of QCM sensors are in the range of 5 - 20 

MHz (corresponding to thicknesses of 330 to 80 µm).61 In general, the sensitivity of QCM-

based chemical sensors is considered as being “low to moderate”.60 Often, the limit of 

detection (LOD) of sensitizer-coated QCMs for volatile organic compounds (VOCs) is 

found in the range from ~0.5 to 100 ppm.69  

As mentioned above, the sensitivity of a QCM sensor is proportional to the square of its 

resonance frequency. Hence, efforts have been made to increase the resonance frequency 

by decreasing the thickness of QCM sensors, e.g., via wet etching or deep reactive ion 

etching. With these techniques, high fundamental frequency (HFF-) QCMs with resonance 

frequencies of up to 200 MHz have been fabricated.61 However, decreasing their thickness 

renders QCM sensors very fragile and difficult to handle. Another disadvantage of QCM 

sensors is their incompatibility with CMOS device integration.60 

SAW sensors can be operated at frequencies up to the GHz regime.61 Therefore, they can 

afford higher sensitivities than QCMs. Furthermore, their fabrication is simple and 

compatible with CMOS integration. In addition, high frequency SAW devices are much 

smaller than QCM sensors, with lateral dimensions in the ~1 mm range. For these reasons, 

SAW sensors are often considered the most popular choice of gravimetric sensing 

devices.60 In SAW devices the surface wave is excited by a pair of interdigitated electrodes 

(IDEs) deposited onto the same side of a piezoelectric substrate (e.g., quartz, LiNbO3).
73 
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Among several configurations, Rayleigh mode SAW devices are usually used for gas 

sensing applications. Rayleigh waves are a superposition of a longitudinal-compressional 

and a shear-vertical component. The resonance frequency of these sensors is determined 

by f0 = v/(4d), where v is the acoustic velocity and d is the distance between the IDE fingers. 

While one pair of IDEs (transmitter) is used to excite the surface wave, another pair of IDEs 

(receiver) is positioned in close proximity and used to detect the excited surface wave. 

Similar as for QCM sensors, chemical selectivity is achieved by coating the SAW device 

with a sensitizer.61,73,74 Since the absorption of analyte molecules increases the mass of the 

coating (and the viscoelastic properties) a shift of the sensor’s resonance frequency is 

measured at the receiver IDEs. In general, the sensitivity of sensitizer-coated SAW devices 

is considered as being “moderate to high” and numerous studies demonstrated the detection 

of VOCs with sub-ppm level LOD.60 

FBAR sensors are bulk acoustic wave sensors, like the above-discussed QCMs. However, 

in these sensors the resonator is a very thin piezoelectric film (usually, AlN or ZnO) with 

a thickness in the sub-µm to µm range (e.g., 0.5 - 3 µm).61 Therefore, FBAR sensors can 

be operated at even higher resonance frequencies than SAW devices and even higher 

sensitivity can be achieved. Typical resonance frequencies of FBARs range from sub-GHz 

to 10 GHz.60,61 The thin film resonator is sandwiched between two electrodes and, in order 

to avoid energy dissipation to the substrate, the resonator is either placed onto a released 

membrane structure or onto a Bragg reflector. Depending on the crystallographic orienta-

tion of the piezoelectric layer, thickness longitudinal modes (TLMs) and thickness shear 

modes (TSMs) can be excited. Further, FBARs are very small devices with typical lateral 

dimensions in the 100 µm range and their fabrication is compatible with CMOS 

integration.60,61 As in the case of QCMs and SAW sensors, chemical selectivity is achieved 

by coating the surface of the FBAR with a sensitizer. In general, the sensitivity of FBAR 

sensors is considered as being “high” and several studies demonstrated the detection of 

VOCs with an LOD below 100 ppb.60,61 However, it is to note that the fabrication of FBARs 

is still expensive. In contrast to well-established QCMs and SAW devices, these sensors 

are currently not commercially available.60 

Microcantilevers based on silicon and other rigid materials (e.g., metals, polymers, nano-

composites) provide another interesting route to biochemical and chemical sensors with 

electromechanical or mechanical signal transduction.75–78 Originally, silicon-based canti-

lever sensors with sharp tips were first developed in the 1980s as probes for atomic force 

microscopes (AFMs). Based on this development, the application of silicon cantilevers as 

chemical sensors is being studied since the mid-1990s. These types of chemical sensors are 

operated by measuring a shift of their resonance frequency (resonance mode) or by 

measuring their static deflection (static deflection mode) caused by sorption of analyte 

molecules.79 To provide cantilever sensors with chemical selectivity, they are usually 

coated with a sensitizer, e.g., a polymer layer. 

Cantilever sensors operated in the resonance mode oscillate at their fundamental or higher 

mode frequency. The cantilever’s oscillations are excited by piezoelectric, electrostatic, or 

magnetic actuation, or via periodic heating.76,79 The signal of the cantilever sensor, i.e., the 
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shift of its resonance frequency, is usually measured via optical methods (position sensitive 

photodetector, interferometer) or by depositing piezoresistive transducers onto the 

cantilever beam. Also, capacitive detection methods have been reported.75,79 The funda-

mental mode frequency of a cantilever is governed by its geometric dimensions (width, 

thickness, length), the mass of the beam, and the material’s elastic modulus. For example, 

typical operating frequencies of silicon-based microcantilevers with dimensions of 500 × 

100 × 1 µm3 are in the low kHz range.80  

If the sensitizer is deposited only at the terminal end of a singly clamped beam, the 

resonance frequency shift observed upon analyte sorption is mainly due to the increased 

mass. The achievable mass resolution is typically within the picogram range, which is 2 to 

3 orders of magnitude better than that of QCM sensors.79 Accordingly, several studies 

demonstrated the detection of VOCs with sensitivities exceeding those of QCMs by three 

orders of magnitude.75,81,82 For example, it was shown that sensitizer-coated cantilever 

sensors can detect nerve agent simulants at concentrations in the low ppb range.75,83 Hence, 

the sensitivity of cantilever resonators is commonly considered as being “high”.60 However, 

in other studies, the sensitivity of cantilever sensors did not outperform QCMs or SAW 

resonators. For example, Lange et al. studied the sensitivity of CMOS-integrated 

cantilevers to VOCs. The LOD of their polymer-coated cantilevers was in the low ppm 

range and comparable to that of polymer-coated QCM and SAW sensors.84 

Extremely high mass sensitivity can be achieved with doubly clamped beam resonators. 

The resonance frequency of such devices is about 6 times higher than that of singly clamped 

cantilevers with comparable dimensions.79 Furthermore, by reducing the dimensions of 

these resonators to the nanometer range, resonance frequencies of up to 100 MHz have 

been achieved. As such resonators also achieve extremely high quality factors (up to 105), 

they enable mass sensing in the atto- to zeptogram (10-18 - 10-21g) regime55,85–87 Comparable 

mass sensitivities have been achieved with carbon nanotube resonators.88,89 For example, 

Jensen et al. demonstrated a nanotube cantilever sensor with a resonance frequency of ~300 

MHz and atomic mass resolution.90  

If cantilever sensors are operated in the static deflection mode, the sensitizer is deposited 

onto one side of the whole beam. Analyte sorption on (or within) the sensitizer layer 

induces a change in surface stress , resulting in bending of the cantilever beam. Hence, 

the deflection z of the beam’s terminal end is measured as the sensor’s signal. Note, the 

sensitivity in terms of z/ is proportional to the square of the cantilever’s length and 

inversely proportional to its elastic modulus and to the square of its thickness.79,91 Hence, 

the sensitivity can be enhanced by increasing the length of the beam or by decreasing its 

thickness. Further, polymer-based cantilevers are expected to achieve higher sensitivity 

than cantilevers made from silicon or metals as their elastic modulus is much lower.77,79 

The detection of analytes in the liquid phase (ions, biomolecules, bacteria, etc.) and in the 

gas phase (gases, VOCs, explosives, etc.) with cantilever sensors operated in the static 

deflection mode has been demonstrated in numerous studies.75–79,92 For example, Baller et 

al. demonstrated a sensor array consisting of eight silicon cantilevers coated with different 

polymers.93 With this cantilever array, it was possible to discern natural flavors and solvent 
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vapors. The vapor concentrations used in this study were ≥102 ppm and the observed 

cantilever deflections were in the range of several µm. Based on these findings, the 

achievable detection levels were estimated to be well below 1 ppm. In another study, Li et 

al. demonstrated the highly sensitive detection of trinitrotoluol (TNT) using a silica 

cantilever.92,94 The sensitizer layer consisted of a gold coating onto which a monolayer of 

6-mercaptonicotinic acid was formed via self-assembly. This sensor enabled the detection 

of TNT at concentrations as low as 120 ppt. Note, the use of gold-coated cantilevers enables 

their surface functionalization via the well-elaborated thiol-gold chemistry. Hence, this 

method is often used to adjust the chemical selectivity of cantilever sensors.75–78,92 

Besides the above-discussed sensors, some studies explored the application of sensitizer-

coated membranes as chemical and biochemical sensors.95–103 Similar to microcantilever 

sensors operated in the static deflection mode, binding of analyte molecules to the sensitizer 

induces a change in surface stress, resulting in a measurable deformation of the membrane. 

For example, Takahashi and coworkers covered a microcavity in a silicon substrate with a 

parylene membrane. The outer surface of the membrane was functionalized with a layer of 

antibodies. Binding of the antigene to the antibodies caused an outward deflection of the 

membrane, which was detected using a photodiode and a Fabry-Pérot interferometric 

setup.100 The authors claimed that the achievable LOD was six orders of magnitude lower 

than that of conventional nanomechanical cantilevers.101 In another study, it was shown 

that this type of surface stress sensor can also be used for the ppm-level detection of ethanol 

vapor.99 Further, Guo et al. reported the fabrication of sensors for the detection of VOCs 

based on polymer-coated NEMS diaphragms.95,96,102,103 The diaphragms were made from 

silicon or silicon nitride and coated with epoxy acrylate, PDMS, or rubber. Sorption of 

analyte molecules caused swelling of the polymer and the induced surface stress deflected 

the diaphragm. This deformation was measured using a Wheatstone bridge with piezo-

resistive transducers95,102, including silicon nanowires103, or stress sensitive FBAR 

sensors.96 The LOD of these sensors for the detection of chloroform and gasoline vapor 

was in the range of 10 and 50 ppm, respectively.102,103 

6.2.2 Vapor Sensors Based on Electrostatically Actuated Gold Nanoparticle Membranes 

So far, only a few isolated studies reported on the sensitivity of freestanding GNP 

membranes to chemical stimuli. Cheng and coworkers studied the solvent-responsive 

properties of a freestanding polymer cross-linked GNP monolayer.104 When exposing the 

membrane to organic solvents in the liquid phase, swelling of the polymer matrix caused a 

reversible increase in the interparticle distances and, hence, the color of the membranes 

changed from blue to purple, due to reduced plasmonic interactions between the GNPs (cf. 

Chapter 3). This effect was more pronounced when the film was exposed to “good” solvents 

with respect to the polystyrene-based matrix of the GNP membrane. Noteworthy, the effect 

was not observed in the case of a substrate-supported GNP monolayer since the adhesion 

of the GNPs to the substrate prevented solvent-induced in-plane swelling of the film. In 

another study, Crocker and coworkers prepared freestanding bilayer films of DNA 

decorated GNPs.105 By adding a complementary DNA strand, a reversible contraction of 

one layer was induced and the bilayer coiled up and formed a tube. This process could be 
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reversed by adding another DNA strand which removed the previously added comple-

mentary DNA strand. 

Inspired by the above-discussed studies on chemical sensors based on electromechanical 

signal transduction (QCMs, FABRs, and cantilever sensors), we explored the response of 

GNP membrane resonators to solvent vapors (cf. Appendix A17.01106). As described 

above, the GNP membrane resonator was prepared by covering a circular cavity in SU-8 

photoresist with a film of 1,6-hexanedithiol cross-linked GNPs (Figure 6.2.1a). The film 

had a thickness of ~44 nm and the GNP core diameter was ~3.4 nm. In order to quantify 

the amount of sorbed solvent molecules, a 10 MHz QCM sensor was coated with another 

section of the same GNP film. For comparison, a chemiresistor sensor was fabricated by 

depositing a third section of the GNP film onto a glass substrate (Figure 6.2.1b). A 

schematic of the experimental setup with the test cell containing the three different GNP-

based sensors is shown in Figure 6.2.1c.  

 
Figure 6.2.1 a) Schematic of a GNP membrane resonator. The circular cavity in the SU-8 

photoresist layer underneath the 1,6-hexanedithiol cross-linked GNP membrane had a diameter of 

~120 µm and a depth of several micrometers. The oscillation of the membrane was measured with 

an interferometer. b) Schematic of the GNP-based chemiresistor. The GNP film was deposited onto 

a glass substrate and contacted by two gold electrodes (~400 µm distance, ~11 mm width).  

c) Experimental setup used to study the responses of GNP membrane resonators to different vapors. 

Besides the membrane resonator (I.), the test cell contained the GNP chemiresistor (II.) and a quartz 

crystal microbalance coated with a section of the same GNP film. In addition, the cell contained a 

temperature sensor (T) and a pressure sensor (P), and could be purged with nitrogen and test vapors 

at reduced pressure. Adapted with permission from Ref. 106: Cross-Linked Gold-Nanoparticle 

Membrane Resonators as Microelectromechanical Vapor Sensors, H. Schlicke et al., ACS Sensors 

2017, 2, 540. Copyright 2017 American Chemical Society. (DOI: 10.1021/acssensors.6b00831) 

As described in the preceding sections, the membrane resonator was excited by applying 

an AC drive voltage, which was swept in the frequency range from 10 kHz to 2 MHz. The 

amplitudes of resulting oscillations were measured at the center of the membrane using a 

https://doi.org/10.1021/acssensors.6b00831
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laser interferometer. Figure 6.2.2a shows an optical micrograph of the GNP membrane. 

The amplitude spectrum shown in Figure 6.2.2b was recorded under nitrogen atmosphere 

at 20 mbar. At this pressure, the resonance peaks are still well resolved. The strong 

resonance peak observed at ~220 kHz was identified as the fundamental mode vibration. 

This assignment was confirmed by the amplitude map shown in the inset of Figure 6.2.2b. 

However, the frequencies of observed higher modes deviated from the model of a 

resonating membrane in vacuum with negligible bending stiffness. Ring-down experiments 

revealed a Q-factor of ~45 (Appendix A17.01106), i.e., much lower than the Q-factors 

observed for GNP membranes under lower pressure (~103, measured at 10-1 to 10-2 mbar; 

cf. Appendix A16.0351, Section 6.1.4). Hence, deviations of the membrane’s behavior from 

the model of a resonating membrane with negligible bending stiffness in vacuum were 

attributed to significant viscoelastic and acoustic damping.  

 
Figure 6.2.2 a) Optical micrograph of the resonator’s membrane. The bright spot at the center is 

caused by the reflection of the interferometer’s laser beam. The membrane consisted of 1,6-

hexanedithiol cross-linked GNPs (core diameter: ~3.4 nm) and had a thickness of ~44 nm. Scale 

bar: 20µm. b) Amplitude spectrum recorded under nitrogen at a cell pressure of 20 mbar. The inset 

shows the amplitude map of the fundamental mode vibration measured at a frequency of ~217 kHz. 

Adapted with permission from Ref. 106: Cross-Linked Gold-Nanoparticle Membrane Resonators 

as Microelectromechanical Vapor Sensors, H. Schlicke et al., ACS Sensors 2017, 2, 540. Copyright 

2017 American Chemical Society. (DOI: 10.1021/acssensors.6b00831) 

In order to test their response to analyte sorption, the resonator, the chemiresistor, and the 

QCM sensor were exposed to various volatile compounds (toluene, 4-methyl-2-pentanone 

(4M2P), 1-propanol, and water). The gas flow (~234 mL min-1) through the sensor cell 

(volume: ~277 mL) was switched between test vapor and nitrogen every 8 minutes. The 

concentrations of the test vapors were set to 1000, 4000, 7000, and 10 000 ppm, 

corresponding to partial pressures from 2 to 20 Pa at the total cell pressure of 20 mbar. 

Figure 6.2.3a shows how the resonance frequency of the fundamental mode vibration 

downshifted by ~10 kHz (relative shift: ~5 %) when the GNP membrane resonator was 

exposed to toluene vapor at a partial pressure of 20 Pa (i.e., 10 000 ppm). The time trace of 

the resonance frequency is presented in Figure 6.2.3b, clearly showing an increasing 

frequency shift with increasing vapor concentration. For comparison, the signal time trace 

https://doi.org/10.1021/acssensors.6b00831
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of the GNP chemiresistor is also shown. The QCM sensor which was coated with a section 

of the same GNP film showed only very weak responses (Appendix A17.01106, Supporting 

Information). However, these measurements revealed an upper limit of the QCM’s 

frequency shift of ~2 Hz when exposing the sensor to the highest vapor concentration. 

Using the Sauerbrey equation, this frequency shift was translated into the corresponding 

mass increase of the GNP film, suggesting a mass uptake of the freestanding GNP 

membrane section of up to ~1 pg. Using an estimated initial density of 9.3 g cm-3 (cf. 

Appendix A17.01106) and a membrane prestress of 10 MPa, Equation 6.5 suggests that this 

mass uptake would result in a frequency downshift of up to ~20 Hz, i.e., three orders of 

magnitudes lower than the observed frequency shift of ~10 kHz. Obviously, the mass 

increase due to analyte sorption cannot account for the observed frequency shift.  

 
Figure 6.2.3 a) Amplitude spectra showing the fundamental mode resonance of the GNP membrane 

resonator under nitrogen (orange curve) and under toluene vapor at a partial pressure of 20 Pa (blue 

curve). b) Transient frequency shifts of the GNP membrane resonator (red curve) and responses of 

the GNP chemiresistor (green curve) to toluene vapor at partial pressures of 2, 8, 14, and 20 Pa 

(total cell pressure: 20 kPa). c) Fundamental resonance frequency shifts observed when exposing 

the membrane resonator to different analyte vapors at different partial pressure (4M2P: 4-methyl-

2-pentanone; total cell pressure: 20 kPa). d) Corresponding responses of the GNP chemiresistor. 

Adapted with permission from Ref. 106: Cross-Linked Gold-Nanoparticle Membrane Resonators 

as Microelectromechanical Vapor Sensors, H. Schlicke et al., ACS Sensors 2017, 2, 540. Copyright 

2017 American Chemical Society. (DOI: 10.1021/acssensors.6b00831) 

From earlier studies, it is well-known that sorption of analyte molecules in films of cross-

linked or ligand-capped GNPs leads to swelling of the organic matrix (cf. Chapter 5, 

Appendix A16.0172). Hence, it was suggested that the observed frequency shift is mainly 

caused by swelling of the GNP membrane. As such swelling reduces the membrane’s 

https://doi.org/10.1021/acssensors.6b00831
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prestress, a downshift of the resonance frequency is observed. According to Equation 6.5, 

a downshift of the membrane’s fundamental mode frequency by 10 kHz corresponds to a 

reduction of the prestress  by ~1 MPa. Using a typical biaxial modulus Y of ~10 GPa 

for the 1,6-hexanedithiol cross-linked GNP membrane (cf. Appendix A19.0348) this change 

in prestress corresponds to a biaxial elongation  = /Y of the membrane by roughly 

0.01 %. Hence, this estimation clearly indicates a highly sensitive impact of sorption-

induced swelling on the resonator’s resonance frequency.  

In this context, it should be noted that the effect of analyte sorption on the resonance 

frequency of polymer-based resonators has been studied, previously.107 Schmid et al. 

reported the effect of relative humidity changes on microstring resonators based on SU-8 

photoresist.108 Similar to our work, they observed a decrease of the resonance frequency 

with increasing relative humidity. This study motivated us to investigate if the frequency 

shift of our resonators was possibly caused (or influenced) by swelling of the SU-8 resist 

layer supporting the GNP membrane. Therefore, we fabricated resonators without the SU-8 

layer by depositing the GNP membranes onto cavities prepared in silicon substrates (cf. 

Figure 6.1.6). These resonators showed similar responses when exposed to solvent vapors 

as the above presented devices. Thus, if swelling of the SU-8 layer happened, it did not 

have any significant influence on the observed frequency shifts of our resonators.  

Figure 6.2.3c presents the shifts of the fundamental mode frequency when exposing the 

membrane resonator to different solvent vapors at different concentrations. For 

comparison, the corresponding responses of the GNP chemiresistor are depicted in Figure 

6.2.3d. The chemical selectivity of both sensors was similar in that their sensitivity 

increased in the order water < 1-propanol < toluene. This general trend was attributed to 

the nonpolar, hydrophobic nature of the 1,6-hexanedithiol cross-linker, favoring sorption 

of hydrophobic analytes (cf. Chapter 5). Further, the observed deviations in relative 

sensitivities were attributed to the different sensing mechanisms of both sensor types. 

However, the unexpected low sensitivity of the resonator to 4-methyl-2-pentanone (4M2P) 

remained inscrutable. 

The above-presented study was the first demonstration of a vapor sensor based on an 

oscillating GNP membrane. Our data suggest that the observed shift of the resonance 

frequency is mainly caused by sorption-induced swelling of the GNP membrane. However, 

in order to observe a sharp resonance peak in the amplitude spectrum, and to clearly 

measure the frequency shift, the sensor had to be operated at reduced pressure. In contrast, 

typical gas sensor applications require atmospheric pressure operation. This requirement 

can possibly be met by adjusting the sensor’s size and geometry, or by using a static 

deflection mode for signal transduction, as will be discussed in the following paragraphs. 

Figure 6.2.4a presents the transient frequency shifts of a 1,6-hexanedithiol cross-linked 

GNP membrane resonator, which was exposed to toluene vapor (Appendix 17.02109). The 

vapor concentrations were adjusted to 1000, 4000, 7000, 10 000 ppm, which corresponds 

to partial pressures of 2, 8, 14, 20 Pa at the internal cell pressure of 20 mbar. The sensor 

design was similar to that shown in Figure 6.2.1a. However, the cavity underneath the GNP 

membrane had a square-shaped base with an edge length of ~100 µm. As described above, 
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an interferometer was used to measure the central point deflection of the membrane (cf. 

Figure 6.2.1c). The observed frequency shifts are very similar to the data shown in Figure 

6.2.3b, confirming the reproducible fabrication and operation of these types of vapor 

sensors. 

In order to test the detection of volatile compounds under ambient pressure, the same sensor 

was operated in the static deflection mode. To this end, the membrane was actuated by 

applying rectangular voltage pulses, as reported in our previous study (cf. Figure 6.1.2; 

Appendix A15.0149). Figure 6.2.4b presents the central point deflection of the membrane 

measured under nitrogen atmosphere and during the exposure to toluene vapor at different 

concentrations. At each given voltage, these data clearly show increasing deflection of the 

membrane with increasing vapor concentration. Hence, these results confirm that sorption 

of analyte molecules reduces the membrane’s prestress. Considering the membrane’s 

geometric parameters, the deflection amplitudes, and the applied voltages suggests a 

reduction of the membrane’s prestress from ~14 MPa to ~5 MPa when dosing the sensor 

with toluene vapor at the concentration of 10 000 ppm (Appendix A17.02109).  

 
Figure 6.2.4 a) Transient frequency shifts of a square-shaped 1,6-hexanedithiol cross-linked GNP 

membrane resonator dosed with toluene vapor at concentrations of 1000, 4000, 7000, and 10 000 

ppm. At the total internal cell pressure of 20 mbar these concentrations correspond to partial 

pressures of 2, 8, 14, and 20 Pa. The GNPs used for membrane fabrication had a diameter of 

3 – 4 nm, the membrane thickness was ~39 nm, the edge length was ~100 µm, and the cavity depth 

was ~10 µm. Inset: Optical micrograph of the GNP membrane. b) Membrane deflections measured 

when actuating the GNP membrane at ambient pressure by applying DC voltage pulses with and 

without the presence of toluene vapor. Adapted under a Creative Commons Attribution 4.0 

International License from Ref. 109: Electrostatically Actuated Membranes of Cross-Linked Gold 

Nanoparticles: Novel Concepts for Electromechanical Gas Sensors, H. Schlicke et al., Proceedings 

2017, 1, 301. © The authors 2017. (DOI: 10.3390/proceedings1040301) 

The above-presented studies provided the first evidence that freestanding GNP membranes 

can be applied as electrostatically driven transducers in novel types of gas sensors. 

Operated in the static deflection mode, these sensors can detect volatile compounds at 

ambient pressure. The observed changes of the membrane’s deflection were in the low µm 

range when exposing the sensor to toluene vapor at 10 000 ppm. Hence, by combining such 

transducer with a position sensitive photodetector for signal readout, as they are used in 

AFMs, it should be possible to achieve a LOD in the low ppm range. It is expected that 

further improvements in sensitivity are achievable by optimizing the sensor’s geometric 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/proceedings1040301
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parameters. Also, decreasing the stiffness of the GNP membrane and increasing the number 

of sorption sites by using longer dithiol cross-linker molecules for membrane fabrication, 

should further enhance the sensitivity. 

6.3  Conclusions, Current Trends, and Future Challenges  

Since the late 1980s, numerous types of sensors based on MEMS technology have been 

developed and commercialized. Nowadays, such sensors find widespread applications in 

all kinds of electronic equipment. Conventional MEMS sensors are made from silicon-

based materials and are fabricated using a variety of standard lithographic techniques. 

During the past two decades, however, significant progress has been made in the 

development of hybrid MEMS/NEMS devices which utilize various types of nanomaterials 

to enable specific functions and applications.2,3,5,20,110 In this context, we reported the 

fabrication of highly sensitive pressure sensors based on cross-linked GNP membranes 

(Chapter 4, Appendix A16.0634, A20.0135). Further, the development of alternative 

fabrication processes, which are mainly based on different printing technologies, are 

currently receiving increasing attention.18,19,111,112 Most likely, this development will 

eventually enable the fabrication of advanced MEMS/NEMS sensors for numerous 

emerging applications. 

Among the different approaches used to actuate movable parts in MEMS/NEMS, 

electrostatic actuation is considered the most widely used method, due to its simplicity and 

low power demand. Hence, it is expected that this actuation method will continuously be 

used in numerous upcoming MEMS/NEMS devices. Inspired by works of other groups on 

electrostatically driven resonators based on various 2D-nanomaterials1,22, we demonstrated 

the first electrostatic actuators and resonators based on freestanding membranes of cross-

linked GNPs (Appendix A15.0149, A16.0351, A21.0154). For example, GNP membranes 

with thicknesses of approximately 30 - 50 nm and diameters of ~200 µm could be deflected 

over distances of up to ~1 µm by applying low bias voltages (< 40 V). Considering the high 

optical reflectivity of GNP membranes, such actuators could become interesting candidates 

for the development of electrostatically driven varifocal micromirrors. Further, the 

fundamental mode resonances of GNP membranes with similar dimensions can be excited 

by applying low bias AC voltages (< 10 V) within the frequency range of 0.1 - 1.0 MHz. 

Operating such resonators in vacuum (~10-2 mbar) revealed remarkably low energy 

dissipation, as indicated by fairly high Q-factors (~103). For comparison, similar Q-factors 

have been reported for graphene resonators with somewhat smaller diameters. In another 

study, however, the Q-factors of high-stress silicon nitride membranes with comparable 

dimensions were two orders of magnitude higher (~105).52  

In our initial studies, the fabrication of GNP membrane resonators involved the manual 

transfer of the membranes from a liquid subphase onto the 3D-patterned substrates. As this 

process is not scalable and difficult to control, we proposed the fabrication of freestanding 

GNP membranes via transfer printing (Appendix A21.0154). Previously, it was shown that 

this technique is highly efficient, potentially scalable, and well-suited for the fabrication of 

emerging flexible and stretchable electronics.113–115 Following these studies, we 

demonstrated that the reproducible high-yield fabrication of freestanding GNP membranes 
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can be achieved by carefully adjusting the contact pressure in the final transfer step. 

Furthermore, by varying the temperature during the transfer step, it was possible to adjust 

the membranes’ prestress. Hence, this study demonstrated that transfer-printing is a 

promising route to the fabrication of hybrid MEMS/NEMS devices consiting of 

freestanding nanocomposites as functional materials.  

Over the past decades, various types of microresonators have shown great potential for 

applications as gravimetric chemical sensors. Chemical sensors based on QCMs and SAW 

devices are well-established and commercially available. In contrast, highly sensitive 

FBARs and cantilever sensors are still in the development phase.60 In own works, we 

studied the potential application of GNP membrane resonators as gas sensors (Appendix 

A17.01106, A17.02109). When exposing these devices to different volatile compounds at 

concentrations ranging from 1000 to 10 000 ppm, a significant downshift of the mem-

brane’s resonance frequency was observed. Comparative measurements with QCM sensors 

revealed that the strong frequency shift cannot be explained by the mass uptake during 

analyte sorption. Instead, the reduction of the membrane’s prestress, which is due to 

swelling of the membrane during analyte sorption, was identified as the main cause of the 

observed frequency shift. In conclusion, our studies suggest that resonators based on 

nanocomposite membranes may provide an interesting approach to the design of novel 

types of highly responsive gas sensors. However, our experiments also revealed significant 

damping of the membrane’s oscillation under ambient pressure. In order to observe well-

resolved resonance peaks in the amplitude spectrum, it was necessary to operate the 

resonators under reduced pressure (20 mbar). Hence, future studies should try to solve this 

problem by optimizing the geometric design of the resonator, its size, and the mechanical 

properties of the freestanding nanocomposite.  

Some other recent studies demonstrated the application of sensitizer-coated membranes as 

chemical and biochemical sensors.95–103 Similar to microcantilever sensors operated in the 

static deflection mode, binding of analyte molecules to the sensitizer induced a change in 

surface stress. The resulting deformation of the membrane was detected by either optical 

means or by using piezoresistive transducers, which enabled the highly sensitive detection 

of analyte molecules. In a similar approach, we studied the influence of solvent vapors on 

the deflection amplitude of electrostatically actuated GNP membranes (Appendix 

A17.02109). Exposing the membrane to toluene vapor at a concentration of 1 000 ppm 

increased the deflection amplitude by up to ~0.1 µm. Hence, electrostatically actuated GNP 

membranes are promising candidates for the highly sensitive detection of volatile 

compounds under ambient conditions. In future works, these actuators should be combined 

with suitable signal readout systems, such as position sensitive optical detectors or 

piezoresistive transducers. Further, by varying the size and the geometry of the freestanding 

GNP membrane section, and by decreasing the membrane’s stiffness, it should be possible 

to further improve the sensitivity of these electromechanical sensor devices.  
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