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Abstract 
 

This thesis reports: 
i) Syntheses of nanoparticles 
ii) 2-step modification of LFE and CMUT sensors including a bottom nanoparticle 

layer and a top sensitive agent layer deposited in selected regions 
iii) Physical (spectroscopic) and chemical characterization of the sensor coatings 
iv) Application of the modified sensors for detecting organic vapors 
v) Evaluation of the vapour uptake ability and selectivity of the sensing coatings 
vi) Analysis of mechanism about sensing process 
vii) Preparation of in situ sensing film based on molecularly imprinted polymerizaiton 
 
Complex films made up of nanoparticles (NPs) and various sensitive materials have been 
fabricated by double-coating process onto two types of sensors: piezoelectric quartz crystal 
resonators and capacitive micromachined ultrasonic transducers (CMUTs). NP films have 
been deposited firstly as support for immobilizing the subsequent layer. Different sensing 
agents have been dispensed onto the selected areas of the NP film in the second step. The 
bottom uniformly-arranged NP layer defines the acoustic properties of the whole device, 
provides an easy loading platform and vapor response, while the second dispensed layer 
contributes to varied sensitivity, whereby providing selectivity. Such composite coating 
procedure is able to realize localized deposition of different sensitive materials which 
allows for fabrication of sensor array on one substrate, especially taking advantage of the 
inherent sensor array configuration of CMUTs. 
Comparison has been made after each coating step by SEM and impedance analysis 
technique. These measurements have revealed that both steps in the deposition process are 
highly reproducible and the resulting films are uniform and stable. Due to the rigidity of 
NPs and the uniformity of the NP films, NP coating could be used without significant 
attenuation of the acoustic wave and decrease in quality factor of the sensors. The fairly 
ordered arrangement of NPs guarantees a sufficient homogeneity of the second sensitive 
films. 
The materials deposited in the second step include polymers and supramolecules, existing 
in solid or viscous liquid status at room temperature. They have modified the sensors in 
desired locations with satisfied control in area and amount. 
The chemically modified sensors have been successfully developed into organic vapor 
detector. Due to the diversity in the responsive ability of different sensing materials, the 
sensors have demonstrated certain levels of selectivity in contact with several analytes, as 
well as good stability and fast uptake and release time. The underlying mechanism has been 
discussed by analyzing the Hansen solubility parameters of vapor and sensing matrix. It is 
evident that the interactions between the analytes and the sensing materials are dependent 
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on the chemical structures of the substances and the physical properties such as glass 
transition temperature of the sorbents, saturated vapor pressure of the gases and so on. 
Long time exposure of CMUTs to vapors has been performed in order to evaluate the sensor 
signals regarding equilibrium of sorption. An ostensible sensing response lasting for several 
hours may not be out of vapor uptake, but arise from inner pressure change of measurement 
settings. Repeated purging of sensors with vapors showed reproducible sensing response, 
although the phenomenon named pre-condition has been found to exist for some sensors.  
With such a sensor array it is now possible to identify gas mixtures and odorants from 
different sources, e.g. applying the CMUT sensor as a vapor mixture tester in vehicle 
engines and for breath gas. It is also believed that the abundant candidates serving as 
sensitive part will open a wide application scale for the selective and sensitive 
determination or testing of huge amount of analytes in many fields. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 iv



Zusammenfassung 
 

Diese Arbeit thematisiert: 

i) die Synthese von Nanopartikeln 

ii) die Modifizierung von LFE- und CMUT-Sensoren in 2 Schritten, welche die 

Abscheidung einer unteren Nanopartikelschicht und in ausgesuchten Bereichen 

einer darüber liegenden sensitiven Schicht umfassen 

iii) die physikalische (spektroskopische) und chemische Charakterisierung der 

Sensorbeschichtung 

iv) die Verwendung der modifizierten Sensoren zur Detektion organischer Gasen 

v) die Auswertung des Absorptionsvermögens und der Selektivität der sensitiven 

Schichten 

vi) die Analyse der Mechanismen des Messverfahrens 

vii) die Herstellung von in situ sensitiven Filmen, welche auf molekulare 

Abdruckpolymerisation basieren 

 

Komplexe Filme, bestehend aus Nanopartikel (NP) und verschiedenen sensitiven 

Materialien, wurden mittels Doppelbeschichtung auf zwei Arten von Sensoren aufgetragen, 

den piezoelektrischen Quarzkristall-Resonatoren und den kapazitiven mikromechanischen 

Ultraschallwandlern (englisch CMUTs). Hierfür wurde zuerst die NP-Schicht aufgebracht, 

welche unter anderem zu der Immobilisierung der zweiten Schicht beiträgt, die in einem 

zweiten Schritt, als sensorisch wirksamer Stoff auf ausgewählte Bereiche der NP-Schicht 

aufgebracht wurde. Die untere, homogen angeordnete NP-Schicht definiert dabei die 

akustischen Eigenschaften des gesamten Sensorsystems, schafft eine einfache Grundlage 

für weitere Schichten und ist verantwortlich für die Gasantwort, während die zweite Schicht 

zur Variierung der Sensitivität beiträgt und daher über die Selektivität entscheidet. Dieses 

zusammengesetzte Beschichtungsverfahren ermöglichte die örtlich begrenzte Ablagerung 

verschiedener Materialien für die Herstellung von Sensor-Arrays auf einem Substrat, 

insbesondere durch die Nutzung der inhärenten Sensor-Array-Konfiguration der CMUTs.  

Nach jedem Beschichtungsschritt wurde ein Vergleich zwischen SEM und 

Impedanzanalyse-Technik durchgeführt. Diese Messungen ergaben, dass beide Schritte der 

Abscheidung gut reproduzierbar sind und die daraus resultierenden Filme sowohl homogen, 

als auch beständig sind. Aufgrund der Steifigkeit der Nanopartikel und der Gleichmäßigkeit 

der NP-Filme, konnten die Sensoren mit NP-Beschichtung ohne signifikante Verringerung 
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der Güte und ohne nennenswerte Dämpfung der akustischen Welle verwendet werde. Die 

annehmbar geordnete NP-Schicht garantiert eine ausreichende Homogenität der zweiten, 

sensorisch aktiven Schicht. 

Zu den Materialien, welche im zweiten Schritt abgelagert wurden zählten Polymere und 

Supramoleküle, die unter Raumtemperatur als Feststoff oder viskose Flüssigkeit vorliegen. 

Beide Substanzklassen modifizierten den Sensor mit adäquater Genauigkeit des Bereiches 

und der Menge. Die chemisch modifizierten Sensoren wurden erfolgreich zu organische 

Gassensoren entwickelt. Aufgrund der vielfältigen Antwortmöglichkeiten der sensitiven 

Materialien wurde eine bestimmte Ebene an Selektivität für mehrere Analyten erreicht, 

wobei gleichzeitig eine gute Stabilität und eine schnelle Reaktionszeit erlangt wurden.  

Der zugrunde liegende Mechanismus wurde anhand der Analyse der Hansen 

Löslichkeitsparameter von Dampf und des Beschichtungsmaterials diskutiert. Es ist 

offensichtlich, dass die Wechselwirkungen zwischen dem Analyten und der sensitiven 

Materialien von der chemischen Struktur der Stoffe und den physikalischen Eigenschaften 

abhängig sind, dazu gehören die Glasübergangstemperatur der Sorbentien, der gesättigte 

Dampfdruck der Gase und andere.  

Zur Bewertung der Sensorsignale hinsichtlich des Gleichgewichtes der Sorption wurden 

Langzeitmessungen mit CMUTs in Gasen durchgeführt. Eine mehrstündige Sensorantwort 

wurde dabei möglicherweise nicht durch die Gasaufnahme verursacht, sondern können sich 

aus der Änderung des Innendruckes während der Messung ergeben haben. Dabei zeigte 

wiedeholtes Spülen der Sensoren mit Gasen reproduzierbare Sensorantworten, obwohl bei 

einigen Sensoren das so genannte Pre-condition Phänomen zu beobachten war. 

Mit einem solchen Sensor-Array ist es nun möglich, Gasgemische und Geruchsstoffe aus 

unterschiedlichen Quellen zu charakterisieren, z.B. für die Kontrolle von Gasgemischen in 

Fahrzeugmotoren oder von Atemgas mittels CMUT-Sensoren. Es wird davon ausgegangen, 

dass die vielen Kandiaten, die eine sensitive Rolle einnehmen, eine breite Anwednungsskala 

zur selektiven und sensitiven Bestimmung oder Prüfung enorm vieler Analyten und 

Bereiche eröffnen.  
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Symbols 
 
A        active area 
C0          electrical capacitance across the electrodes  
Cg           vapor concentration in the gas phase 
Cp      capacitance from parasitic effects 
Cs         vapor concentration in the sorbent phase 
Cv        vapor concentration 
Cx    capacitance of capacitor 
f0         start frequency 
fr          resonant frequency 
G  conductance 
Gmax        maximum value of conductance 
h         thickness of coating  
K        partition coefficient 
Lx      inductance of inductor 
m       mass 
Mv        molar mass of vapor 
ø       diameter 
P0         saturated vapor pressure 
R      universal gas constant 
R1 resistance  
Rp     resistance from parasitic effects 
Rx     resistance of resistor 
T        temperature 
Tg      glass transition temperature  
V          molar volume  
vq        acoustic wave velocity of quartz 
γ            surface tension  
ΔC          change of concentration  
Δfr             resonant frequency shift 
Δfr

NP         frequency shift due to NP coating  
Δfs       frequency shift due to coating 
Δfv       frequency shift due to vapor sorption 
Δfw

1/2       full width at half height of conductance spectrum 
Δm            change of mass  
ΔT         change of temperature 
Δε          change of permittivity 
εr       relative permittivity 
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θ       wetting angle 
μq             shear modulus of quartz 
ρq           density of quartz 
ρs density of coating 
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Chapter 1 Introduction 

Chapter 1 
Introduction 
 
Demand is increasing for monitoring various chemical compounds in environmental, 
medical, industrial and numerous other fields. Chemical sensors serve as tools for such 
detection by transducing chemical signals into appropriate electrical signals. They can be 
fabricated as small, robust, and inexpensive devices and used as bio/chemical probes for 
investigating and controlling bio/chemically significant processes in both gaseous and 
liquid phases.  
 
Typical sensor consists of two major components: one is electrical part to convert physical, 
chemical or biological response into a signal that can be measured, and the other is 
bio/chemical part, usually manifesting itself as an additional layer on the surface of sensor 
and selectively responding to ingredients in surrounding by altering its properties. 
One specific class of sensors based on piezoelectricity has been predominantly used for 
chemical analysis, process monitoring, ultrasonic imaging etc.. Natural or man-made 
piezoelectric materials such as quartz crystal has been broadly studied and applied in 
various types of acoustic wave sensors. By comparison, the widespread recognition and 
vigorous development of capacitive sensors just began in the 1990s, although the idea of 
electrostatic transducers is as old as the early piezoelectric transducers. Even so, the current 
capacitive ultrasound transducers have been believed to compete with piezoelectric 
transducers in many respects, largely thanks to the sophisticated micro electronic 
mechanical system (MEMS) technology. The capacitive micromachined ultrasonic 
transducer (CMUT) is an outstanding representative on the basis of MEMS technology and 
has behaved as a promising implement for medical imaging. The innate multi-channel, 
multi-membrane structure of CMUT allows for many promising applications in the sensor 
filed. 
With regard to the bio/chemical part of sensor system, sensing layers which are uniform, 
continuously defect-free, and stable are crucial for the chemical microsensor development, 
plus the sensitivity and selectivity of the prepared films. In this sense, however, most 
sensing film fabricating methods are problematic in producing nanometer thick layers and 
have minimum control in film properties.  
 
The tremendous significance of molecular recognition in various applications gives rise to 
the incentive to develop materials interacting with other molecules with high specificity. 
Nevertheless, the development of new materials, one-at-a-time for particular cases, could be 
costly and time consuming.  
Alternatively, realization of high selectivity can be achieved by building up sensor array 
system, where a set of sensors combined together to provide information for discriminating 
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multicomponents. As to this aim, localized deposition of sensing agents with varied 
functions is required, especially for sophisticated microsensors like CMUT, which has an 
array-on-a-chip structure. It is for this reason that we set out to develop a versatile approach 
for designing a sensor prototype that allows a diversity of materials to readily modify 
multisensors and offer particular sensitivity while afford predictable chemical signals and 
physical characteristics.  
When it comes to CMUT, such conception can be expressed as modifying respective 
channels with chemically sensitive materials of different recognition ability.  
 
In bio/chemical sensor industry, manufactured sensors must be calibrated prior to use in 
order to ensure the comparability and repeatability between sensors. However, calibration 
usually behaves as a time and money-consuming work and is viewed as a common 
bottleneck in sensor fabrication. Thus it is frequently a major challenge of setting up a 
reproducible coating scheme to minimize or even preclude calibration in mass production.  
In this work, a 2-step modification strategy has been developed for sensor modification with 
deposition of nanoparticles on the bottom plus other sensitive layers on the top. Such 
double-layer system is aiming to overcome the need of complicated calibration and 
regarded as the most distinct feature for the obtained CMUT sensor. Besides, localized 
deposition has been readily achieved in the second coating step by using aerosol jetting 
technique. Sensors prepared by this procedure have exhibited their vapor detection ability 
with satisfied reversibility and recognition capacity. 
 
Selection of target volatile organic compounds (VOCs) originates from two considerations. 
Firstly, renewable fuel utilization has gained more and more attention due to the 
increasingly serious global energy crisis and environmental pollution. Bioalcohols have 
been serving as one major form of biofuels being sold and distributed around the world. 
Besides, a special type of so-called “flexible-fuel vehicle” (FFV) has been developed, 
which operates on variable mixture of gasoline with alcohols [1, 2]. Therefore, the detection 
of alcoholic compounds has become a hot topic, especially by sensor devices which are 
usually small-dimensional, and thus suitable to fit into automobile vehicles [3-5].  
Secondly, sample selection lies on the basis of breath analysis. Some of organic constituents 
in exhaled breath have been viewed as biomarkers [6-8], for they can indicate an 
individual’s health status, pre-clinical metabolic abnormality and presence of pathogenic 
sources. Take acetone for example, which is associated with dextrose metabolism and 
lipolysis, as well as severe diabetics [9, 10]. Breath sensor development shows great 
potential in clinical diagnosis as a non-invasive approach [11, 12], characterizing low cost, 
small size and user friendliness. 
The subgroups of VOCs which have been paid special attention in this research are: 
alcohols (e.g. 1-propanol, ethanol and methanol), small aromatic compounds (e.g. toluene 
and p-xylene), and ketones (e.g. acetone). Other representative reagents belonging to 
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several subsets of solvent have also been tested, including alkanes (e.g. n-hexane, n-octane), 
chlorinated hydrocarbons (e.g. chloroform), and water. 
 
The main tasks in this thesis are structured according to the following sequence. 
 
The work starts with the fundamental section (Chapter 2), including an introduction of 
CMUT, a general depict of chemical sensor and a summary of the mostly common 
technologies for fabricating sensors. The lateral filed excited (LFE) sensor is also 
introduced for it has been employed as an effective preliminary tester for CMUT. 
Attempt to prepare highly sensitive films through the concept of molecularly imprinted 
polymer (MIP) is announced in Chapter 3. 
The followed chapter (Chapter 4) describes the scheme of preparing chemical sensor based 
on LFE quartz crystals and CMUT. As LFE sensor also work as a new-developed 
transducer and has its own peculiarity and requirement with respect to coating materials, 
relevant explanation is made to illustrate this issue. Preparation, functionalization and 
deposition approaches of NPs are elaborated firstly and utilization of sensitive materials is 
stated in the latter part. Modification of an NP-coated CMUT with a bioactive lipid, 
ceramide AP, is also presented in this chapter, as an example of the potential of CMUTs for 
pharmaceutical applications. 
The physical and chemical characterization of the obtained sensors is reflected in Chapters 
5 and 6. The morphology of coatings and the influence of attempted operation are described. 
In Chapter 7, the practical application of the modified sensors as gas detectors has been 
thoroughly studied and the mechanisms of sensing process are analyzed so as to found an 
elementary guideline in sieving sensitive materials for specific organic solvent species. The 
performance parameters, including selectivity, sensitivity, response/recovery time, 
reproducibility and working lifetime are reported. In this chapter, some preliminary studies 
on sensing process is also reported, which includes long time and repeating gas 
measurement to find out real reasons behind experimental phenomena and provide pertinent 
suggestions on practical operation. 
Conclusions to the work and future prospects of the 2-layer CMUT sensors are summarized 
in Chapter 8. 
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Chapter 2 
Fundamentals 
 
Sensors have been playing an important role in a great many fields, encompassing industry, 
medicine, military, civil use and so on. Its importance will be increasingly evidenced with 
development of our society and sensor system itself. 
 
2.1 Chemical sensors  
 
General definition of sensors has been acknowledged as: A sensor is a device that receives a 
stimulus and responds with an electrical signal. The stimulus is often a nonelectrical value 
like quantity, property, condition etc., and the output signal of sensor may be in the form of 
voltage, current, or charge. These may be further described in terms of amplitude, frequency, 
phase or digital code (Figure 2-1). In particular, chemical sensors are devices that 
characterize a chemical state by transforming chemical information (e.g. a single 
concentration or total composition) into an analytically useful signal. One of the ways to 
classify various chemical sensors can be based on their transducing principles, such as 
electronic, electrochemical, mass sensitive, magnetic, optical transducers and so on. 
Acoustic wave sensors on the ground of mass sensitivity in gas phase are elaborated in the 
following sections.  
 

Analytes 

Sensor Electronics Signal 

Temperature, gravity, 
pressure etc. 

Frequency, electrical 
current, voltage etc.

 

Figure 2-1: Schematic demonstration of sensor. 
 
Generally, chemical acoustic wave sensors are fabricated by modification of the transducer 
surface with a coating which can physically or chemically interact with analytes. The coated 
materials must be nonvolatile to remain on the sensor, mostly in the form of a thin film, 
ideally allowing rapid analyte diffusion throughout the film. Key issue with respect to 
modifying individual sensors is the extent to which the applied component enhances the 
sensitivity and selectivity of the sensor, while affording reversibility, reproducibility and 
long-time stability. 
Despite of the abundant availability of various sensing matrixes, most of them are non- or 
semi-selective to sorbed mass, although they generally promote the sorption of analytes at 
the surface. In this regard, sensor arrays offer advantages including sensitivity to a wider 
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range of analytes, improved selectivity, simultaneous multicomponent analysis and the 
capability for analyte recognition rather than mere detection. In sensor array applications, it 
is particularly important that sensor materials provide reversible and reproducible 
performance, so that response patterns are consistent over time. Arrays can be empirically 
constructed using sets of commercially-available or self-synthesized substances, like 
polymer, supramolecule etc., and in many applications these arrays are very effective 
[13-16].  
Sensors should not only be designed to selectively detect trace analytes, but should also be 
small, portable, and inexpensive. Sensor systems that can be adapted easily to various 
detection demands are also advantageous. Microelectronic chemical sensor or sensor array 
meet the size requirement and they can be very sensitive as well. 
 
2.1.1 Common working principle of acoustic wave sensor 
 
Acoustic wave sensor can be categorized as bulk acoustic wave (BAW), surface acoustic 
wave (SAW), flexural plate wave (FPW), shear horizontal acoustic plate-mode (SH-APM) 
sensors [17, 18]. They have the operating principle in common that metal electrodes on 
piezoelectric substrate convert electrical energy into mechanical energy in the form of 
acoustic wave. For sensor applications, such device is usually placed in an oscillating circuit, 
where it functions as a resonant element. In mass-sensitive sensing, resonant frequency is 
tracked and it shifts according to the mass change on transducer surface originating from, 
for example, sorption of analyte molecules at the sensor interface.  
Quantitative relations between mass deposition on sensor surface and the resulting change 
in fundamental oscillation frequency of the resonator have been built up for different sensor 
types. Only two of them are introduced here, for the transducers involved in this research 
are quartz crystal microbalance (QCM) and capacitive micromachinined ultrasonic 
transducer (CMUT), belonging to BAW and FPW sensors, respectively.  
The correlation between frequency shift and mass change of BAW sensor has been 
precisely described using the well-known Sauerbrey equation [19], shown in Equation (2.1).  

 
         (2.1) 

 

where Δfr and Δm are changes of resonant frequency and mass, f0 is the fundamental 
oscillation frequency, ρq and μq are the density and shear modulus of quartz, and A is the 
active area.  
The other one for FPW sensor [20] is illustrated in Equation (2.2). 

 
  (2.2) 

 
where ρ and h are the density and thickness of the substrate.  
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2.1.2 Sensor response mechanism and assessment of sensitivity 
 
It is usually a challenge to find optimal interactions between analyte and sensing agent, in 
order to keep sensitivity and meanwhile avoid irreversible sorption. A variety of 
non-covalent interactions, compared with covalent ones, are dominant types which widely 
exist in nature and have been extensively applied in chemical sensing. For instance, the 
capability of vapors to gain van der Waals force to transfer from the monomeric state in the 
gas phase to the condensed phase of the sensing films, serves as the primary driving power 
for sorption. Other non-covalent interactions include dispersion interactions, dipole-induced 
dipole interactions, dipole-dipole interactions, and hydrogen bonding.  
Films with preformed cavities or channels provide other promising sensing concepts. There 
are substances with such conformational cavities, for instance, cyclophanes (poly cyclic 
aromatic hydrocarbons), cyclodextrines, calixarenes, fullerene molecules and so on. Filling 
the cavities often cost little or even no energy [21, 22], thus sorption of analyte onto these 
molecular components can proceed in an easy manner and favorable interactions between 
them allow for potential selectivity on the basis of size, shape and group branches. These 
receptors often own good molecular flexibility, facilitating an optimized adaptation to a 
large variety of guest molecules. 
After exposure of sensor to certain analytes, a final equilibrating sorption is built in the 
sensing interface. The resulting equilibrium can be quantified by the partition coefficient, K, 
which describes the distribution of vapor from the gas phase into a sorbent phase (coating of 
the sensor) and thus indicates the effect of the interaction on sensing capacity between 
vapor and sensing material. K is defined as the ratio of the vapor concentration in the gas 
phase (Cg) to that in the sorbent phase (Cs) at sensing equilibrium status.    

(2.3) 
 

The value of K can be determined by acoustic wave devices, as it is related to the frequency 
change when vapor is sorbed into the coating, which is given in Equation (2.4).  

            
 

(2.4) 
 

where Δfv is the frequency shift as a result of vapor sorption and corresponding mass change, 
Δfs is the frequency shift due to the deposition of sorbent onto sensor, ρs is the density of the 
sorbent.  
In many applications, analyte sorption on or in the coating is considered as pure mass 
accumulation, and expressed as a shift of resonant frequency of the oscillator; the sensor is 
assumed to work as a microbalance and the multiplier n in Equation (2.4) is equal to 1 for 
pure mass responses. Although this assumption is surely acceptable for several applications, 
non-gravimetric effect should be taken into account for coatings that do not fulfill the 
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requirement of keeping acoustically thin [23-27]. Vapor sorption on or in films could swell 
the materials and thus change their viscoelastic properties. In this case, the frequency shift 
is amplified by analyte-induced modulus changes and n will be equal to that amplifying 
factor [28]. Calculation of gathered mass or related parameters such as partition coefficient 
with a linear gravimetric approximation is hardly possible. To simplify the study, we firstly 
assumed that Δfv arises entirely from gravimetric regime and viscoelasticity contributes to 
no effect, i.e. n = 1 [29]. The calculation of K value is given by Equation (2.5).  

 

 
 (2.5) 

where T is thermodynamic temperature in Kelvins (K), Cv is the vapor concentration 
(mL/mL), Mv is molecular weight of the vapor. K is strongly temperature-dependent, 
because sorption normally decreases with increasing temperature. The more strongly the 
vapor is sorbed, the more K decreases with increasing temperature. In our study, the 
operation temperature was mostly around 25℃ so that T was 298 K. The atmosphere 
pressure was approximated as 1 standard atmospheric pressure (101325 Pa). The analyte 
vapor in the carrier gas stream was assumed behaving like an ideal gas.  
 
2.1.3 Sensing materials 
 
A great variety of sorbent phases have been investigated and incorporated as sensitive 
layers on the surfaces of chemical sensors to gain sensitivity and selectivity for chemicals in 
gas or liquid phase. In all cases the requirements of the sensor are the same: the sensitive 
material must bind the desired analyte in preference to all competing species and the sensor 
can respond to the analyte in a measureable form. 
Among them, functional polymers are under the most vigorous study because of their 
film-forming properties, good chemical and thermal stability toward many environmental 
conditions, and versatility of functional groups and backbone structures. Especially 
polymers of low glass transition temperature (Tg) are more attractive owing to the high 
diffusion rates of small molecules in them [30, 31].  
Supramolecules like dendrimer and cavitand have also been brought into the spotlight due 
to their far higher capacity to collect and concentrate analytes per certain unit [32-34]. In 
sensing applications, supramolecules are selected according to their size, shape and charge 
complementarity with the analyte of interest and “host-guest” complexes can form relying 
on the forces or interactions between them. Most of the interactions are non-covalent ones, 
like electrostatics, hydrogen bonding, and van der Waals forces.       
Gas chromatographic stationary phases such as organosiloxane polymers (polysiloxanes) 
are useful as well [35]. Polysiloxanes consist of an inorganic silicon-oxygen backbone with 
organic side groups attached to the silicon atoms. By varying the organic groups, 
polysiloxane can be adopted with a wide variety of properties and compositions.  
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Biomaterials have attracted special attention due to their unparalleled selectivity [36]. 
However, such species like antibodies and enzymes often suffer inherent limitations 
including costliness, poor stability and short life span.  
Besides using those commercial or natural sorptive agents, there remain compelling reasons 
to synthesize and adapt material formulations with desired properties [37-40]. It is possible 
to tune physical properties such as Tg, thickness, film morphology, porosity, and chemical 
properties like polarity, solubility to analyte samples, chemical and steric structure to 
enhance performance on various sensing platforms.  
Molecular imprinting is an emerging methodology for the preparation of polymeric 
materials containing recognition sites of predetermined specificity. The molecularly 
imprinted polymers (MIPs) synthesized in the presence of analyte molecules (template), are 
frequently referred to as artificial antibodies [39, 40]. Studies have shown that MIPs exhibit 
a surprisingly high degree of stereo- and region-specific selectivity, making the commercial 
use of such tailor-made separation materials a realistic possibility in several areas, such as 
chiral separation of bioactive molecules and as antibody mimics [41, 42]. Although very 
promising in occupying MIPs for modification of QCM, this technique failed to generate 
sufficiently thin films suitable for CMUT sensors. Generally speaking, the high 
cross-linking degree of MIPs results in features such as high Tg and low permeability. More 
details and related work on MIPs have been elucidated in Chapter 3.  
 
2.1.4 Deposition strategies for sensing materials and localized deposition 
 
Fabricating ultrathin polymer films with defined structures and properties such as film 
thickness, uniformity, stability, and reproducibility is a perpetual pursuit in sensor industry. 
Simple coating approaches include solvent casting (e.g. drop, spraying, and spin coating) 
and dip-coating [43, 44]. In general, direct coating only render weak physical bindings in 
sensor-coating interface. For stronger adhesion, it is preferable to apply chemical 
modification to immobilize sensing matrix. More elaborate techniques have been developed 
such as Langmuir-Blodgett film (LB film) preparation [45, 46], physical or chemical vapor 
deposition [47, 48], and in situ polymerization through electrochemical-, photo-, or 
thermal-initiation [47, 49, 50]. However, controlled growth of stable polymer films at 
nanoscale level remains a challenge in the above mentioned techniques, which prompts 
adaptation of conventional coating techniques and quests for new methods and suitable 
materials. Some modern technologies, like ink-jetting, dip-pen etc. have been employed to 
modify sensors as well. The major problem accompanied is that the films appear to be 
thicker at the periphery and thinner in the center of the deposit due to drying effect [51]. 
As mentioned above, it is very difficult to find a selective coating for a given analyte. 
Preparing sensor array system serves to be an eligible way to achieve multiple recognition 
ability. As microsensor designs become smaller or more complex, accurate location and 
alignment is indispensable to distribute sensing matrix on sensor top in non-contact manner. 
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Additionally, cross contamination should be avoided when different materials are positioned 
on the same chip with sensor array structure. Photolithographic technology represents an 
attractive approach in defining polymers in desired domains. However, the majority of 
conventional polymeric photoresists are not usable as sensing agent because they have been 
prepared with properties different from those intended for chemical sensing. Therefore, they 
usually lack active sensing function.  
Some widely applied deposition strategies have been listed in Table 2-1 with several factors 
to evaluate their attributes.  
 

Nr. Deposition strategy Uniformity
Localized 
deposition 

Effort 
Deposition 

steps 
1 Spin coating + - + 1 
2 Air brush - - + 1 
3 LB-film, SAM + - - 1 

4 
1-3 combined with 

lithography 
+ + - 1-N 

5 
Drop coating, ink-jetting, 

aerosol-jetting 
- + + 1 

Table 2-1: Commonly employed deposition strategies for sensor production. 
Sign “+” refers to a positive attitude towards corresponding factor while sign “-” stands for 
a negative meaning.  
 
Spin coating generally involves dissolving or dispersing the material to be deposited in a 
solvent, dispensing the solution or suspension onto a flat substrate, and spinning the 
substrate until the solvent wholly evaporates, leaving behind a thin coating of the solute. On 
account of the good control in film thickness and homogeneity that the technique affords, 
spin coating has gained considerable attention and yielded broad application. However, 
similar to air brush and LB-film or SAM techniques, spin coating is hardly possible to 
generate localized deposition; instead, microscopic patterning technique is needed. Nr. 4 in 
Table 2-1 represents an collaboration of one of the first three ways together with lithography. 
Such process is usually laborious and subjected to poor compatibility with regard to sensing 
materials, as stated earlier. Dropping or jetting approaches are outstanding in preparing 
geometrically precise films, especially by making use of some modern instruments. It is 
also an easy-operating and flexible method and appealing as long as the uniformity problem 
could be overcome or reduced.   
Since most functional polymers applied have poor selectivity for different analytes, the 
exploitation of highly discriminating sensor remains the main challenge. Looking for or 
synthesizing receptor materials are one part of the story, while constructing feasible sensor 
arrays serves as an alternative or complimentary way to satisfy the selectivity requirement. 
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2.2 LEF sensor 
 
The quartz crystal microbalance (QCM) is a simple, cost effective and high-resolution 
sensing tool which has covered a wide range of applications [52-54]. The quartz crystal 
resonators used are usually driven piezoelectrically by an electrical field directed along the 
thickness axis, so called as thickness field excitation (TFE). Much less common is the 
excitation by a field in the plane of the plate, named as lateral field excitation (LFE). 
Different from the conventional TFE resonators equipped with two electrodes on both 
crystal surfaces, in LFE system, the electrodes are located on one side of crystal while the 
opposite surface is left bare, acting as sensing surface (Figure 2-2). One reason for 
including LFE sensor in the work is the fact that sensing surface is bare crystal instead of 
having metal electrode, which resembles the silicon surface with respect of morphology, 
making any modification work done on LFE sensor surface easier to be extended to CMUT. 
Other advantage of using LFE sensors is that they are relatively simple-to-operate devices 
and produce frequency signals with far lower noise and much higher quality factor in 
comparison to CMUTs. Despite their inherent sensitivity limits arising from low resonant 
frequency (5 MHz), they proved, however, to be suitable pretesting sensor devices in 
quickly screening candidate coating materials and more importantly, providing information 
in characterizing feature of coating films. 
  

Quartz crystal 

Electrode 
 

Figure 2-2: AT cut quartz disk driven by thickness field excitation (left) and lateral field 
excitation (right). 

 
2.3 CMUT 
 
A new type of ultrasonic sensor, which is named as capacitive micromachined ultrasound 
transducer (CMUT), has recently came forth as an alternative to the conventional 
piezoelectric sensors, owing to its distinctive characteristics such as wide immersion 
bandwidth, ease of fabricating large arrays, ability to be integrated with supporting 
electronic circuits, expected reduction of production costs and so forth [55-58]. A CMUT 
cell is simply a capacitor, composed of a metallized membrane (top electrode), suspended 
above a heavily doped silicon substrate (bottom electrode), as shown in Figure 2-3. In 
between is the dielectric medium (either vacuum or air gap). An insulating layer is included 
to prevent the two electrodes from shorting in case of contact. A single transducer element 
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usually consists of many capacitor cells electrically connected in parallel.  
 

 
Figure 2-3: Cross view of a single CMUT cell structure. 

 
2.3.1 Operating principles 
 
Although both the name and the appearance of CMUT categorize it into capacitive sensor, it 
works on the foundation of acoustic wave vibration, in particular, flexual plate wave (FPW). 
The relationship between the frequency shift and the mass loading onto the membrane has 
been described in Chapter 2.1.1., and a simplified expression is  

         
(2.6) 

 
which is similar to most mass sensitive resonant sensors. 
Equation (2.6) indicates that high sensitivity of a sensor requires a high resonant frequency 
of the membrane, f0, and a low mass of the resonant structure, m. For low limit of detection 
(LOD), low noise, i.e. high quality factor, is also required.  
The operating principle of CMUT is the well-known electrostatic transduction mechanism. 
The membrane is deflected by DC bias and actuated in AC bursts to generate ultrasonic 
waves. Efficient electromechanical coupling is achieved as a result of the strong electric 
field in the gap. External medium can influence the oscillation of the membrane in the form 
of changes in capacitance and frequency. Our work tracked the frequency alteration of 
membrane vibration, caused by mass loading change onto the membrane.  
 
2.3.2 Development and applications 
 
Since CMUTs were firstly introduced by Khuri-Yakub and coworkers [59, 60], they have 
experienced rapid development concerning fabrication, characterization, modeling of the 
transducing process etc. [58, 61-63]. Results over the last decade demonstrate that 
traditionally fabricated CMUTs modifid with respect to such design factors as device size, 
membrane radius, configuration, thickness, shape, gap height, insulating layer, and 
operating mode, have gained achievement to optimize working performance, in terms of 
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bandwidth, frequency range, dynamic range, maximum output pressure and receive 
sensitivity.  
Although the operating idea of generating acoustic waves by the electrostatic attraction 
force is very old, but the highly advanced MEMS technology allows the realization of 
miniaturized transducers consisting of a large number of membranes with precisely 
controlled geometrical and mechanical properties. 1D and 2D CMUT arrays with different 
number of elements have been successfully designed, fabricated and applied to get 2D or 
3D images [57, 64, 65].  
CMUTs are originally developed for conventional medical and underwater ultrasonic 
imaging and developed as chemical sensors recently [66-68]. Robust structure allows their 
application in harsh circumstances.  
The intrinsic attributes of CMUTs in integrating many cells on one chip and better acoustic 
matching lead to an improved efficiency and reliability. Particularly, such mutli-membrane, 
multi-element arrangement provides the possibility of manufacturing sensor arrays for 
detecting chemical mixture. The gaps between the electrodes can be made in submicron 
range and the size of the membranes is on the order of tens of microns and the thickness is 
around 1-2 microns. These achievements allow for establishing powerful electric fields and 
thus enhance the transduction efficiency and make CMUTs competitive with piezoelectric 
transducers in terms of mass sensitivity.  
As the multisensor conformation of CMUT has been integrated in high similarity, which is a 
premise to keep quality factor in using CMUT as sensor array. The critical issue is to 
prepare uniform coatings with comparable mass loading on individual sensor element to 
avoid any decrease of quality factor.  
 
The demands in developing well-controlled sensor array made up of ultrathin sensing films, 
as well as minimizing the need of calibration, motivate us to take advantage of different 
coating strategies comprehensively. Therefore, a 2-step deposition procedure has been put 
forward, where a bottom layer is formed on the whole sensor surface in the first step, and 
then various sensing materials are dispensed onto the bottom layer in a way of localized 
deposition.  
An ideal choice of the bottom material is nanoparticles (NPs) which are able to form an 
uniform surface, serving as a platform for easy loading of the second coating and 
contributing to enhancement of sensitivity. Large number of substances can be involved as 
candidates of the second layers. They can be deposited onto selected areas of the NP layer 
to offer discriminative sensitivity in contact with diverse analytes. The requirement of the 
bottom NP layer is to be close packed with regular conformation. Such surface will prevent 
“coffee ring” structure of the second coating, thereby allowing for a similar mass loading 
onto each element (membrane). The size of NP is much less compared with a single 
vibrating membrane of CMUT (diameter around 20 μm), thus no negative influence on the 
acoustic wave vibration will be produced due to NP deposition. 
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Chapter 3 
Preparation of in situ Sensing Film Based on MIP 
Technology 
 
Exploration and development of sensing materials owning high discriminating ability has 
been being important but challenging tasks. The recognition phenomena in molecules’ range 
have been extensively studied for various applications [69-71]. Chemical sensors based on 
artificially builtup host–guest interactions have attracted increasing attention and the term, 
molecularly imprinted polymers (MIPs), has been proposed along with the emergence of 
various synthetic MIPs [72, 73]. We expected to use the MIP technology to modify CMUTs 
into a sensor array system, where varied MIP films were in situ polymerized onto different 
sensor elements through photo-lithography.  
In detail, the procedure included preparation of monomer solutions, coating of substrate 
with the solution, polymerization of the monomers under UV light with designed 
photo-mask, washing (development) of the substrate to get rid of the unpolymerized 
solution. Finally, MIPs imprinted with different template molecules formed onto the desired 
locations in accordance with the exposed placement to UV light. 
Differently-constituted polymerization solutions have been tested to achieve the required 
consequence. 
  
3.1 Introduction 
 
Molecular imprinting is a process where functional and cross-linking monomers are 
copolymerized in the presence of a target analyte, which acts as an imprinted molecular 
template. The functional monomers initially form a complex with the molecules through 
certain specific or non-specific interactions or bonds. Then polymerization is initiated and 
the complex conformation can be fixed in position by the highly cross-linked polymeric 
structure. The interactions between the monomers and templates are either non-covalent, 
such as hydrogen bonding, electrostatic forces, van der Waals forces, and hydrophobic 
interactions, or reversible covalent bonds. Subsequent extraction of the template produces 
binding sites that are sterically and chemically complementary to the analyte. In that way, a 
molecular memory is introduced into the polymer, which is now capable of selectively 
rebinding the analyte with a very high specificity (Figure 3-1). 
Although potentially very attractive as recognition elements in chemical sensors, the 
widespread application of MIP-based sensors has not yet been realized, partly because of 
the difficulty in producing MIPs in the thin-film format that is required for coupling them to 
transducers. Practical issues co-occurred with preparing thin MIP film and the 
corresponding solutions are discussed in the following paragraph.  
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Figure 3-1: Principle of molecular imprinting. 

 
The first barrier is the inhibitory effect on polymerization from oxygen, which can be 
overcome by employing a sealed reaction cell and purging pure nitrogen in to expel oxygen. 
Wettability, shrinking and adhesion of polymerizing solution and film on sensor surface 
often cause problems. Surface modification and specific cleansing of substrate are possible 
to tackle them. In respect of film thickness and reproducibility of the procedure, 
spin-coating can be a solution which has had a good fame in producing thin and controllable 
films in microelectronical industry. Photo-polymerization is preferred to thermal-initiation 
owing to its easy-handling and shorter reaction time, as well as the potential to fabricate 
sensor array by photolithography technique.    
Most of the templates involved in MIPs are molecules with relatively large and rigid 
structure. As the sensors in this research aim to serve as gas detectors, the templates here are 
VOCs. One can assume that the imprinting sites could also be built up for these small 
molecules during polymerization if monomers are dissolved in the target solvents [74-76]. 
In addition, Haupt et al. reported using poly(vinyl acetate) (PVAc) and diglyme in their 
recipes, with the former serving as a sacrificial linear polymer and the later as solvent with 
low volatile rate [77, 78], to enhance the porosity and capacity of MIP films. 
 
3.2 Experimental 
 
3.2.1 Reagents and instruments 
 
The reagents applied were: monomer: acrylic acid (MAA); cross linker: acrylate (EGDMA 
or TRIM); initiator: DMPA or AIBN; porogen: dodecanol, biphenyl or PVAc; low volatile 
solvent: diglyme; template: 1-propanol or toluene. MAA, EGDMA, TRIM, DMPA, AIBN, 
dedecanol, biphenyl, PVAc, diglyme were purchased from Aldrich or Fluka (Sigma-Aldrich 
Chemie GmbH, Germany). 1-propanol and toluene are from Carl Roth GmbH (Germany). 
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All the monomers and cross linkers were vacuum distilled to get rid of inhibitors. A 
commercial light-curing bonding resin, Heliobond, provided by Ivoclar Vivadent AG 
(Liechtenstein), was also tested. Major components in Heliobond are two kinds of 
methacrylate monomers (Bis-GMA and TEGDMA), photo-initiator (CQ) and 
photo-accelerator (tetiary amine). The full and short names of the above reagents have been 
listed in Table 3-1. 
 

Abbreviation Full Name 
Bis-GMA Bisphenol A glycerolate dimethacrylate 
TEGDMA Triehylene glycol dimethacrylate 

CQ Camphorquinone 
PVAc Poly(vinyl acetate) 
MAA Methacrylic acid 
TRIM Trimethylolpropane trimethacrylate 

EGDMA Ethylene glycol dimethacrylate 
AIBN Azo-bis-isobutyronitrile 
DMPA 2,2-dimethoxy-2-phenyl-acetophenone 

Table 3-1: Abbreviation and full name list for the reagents employed. 
 
A home-built reaction cell was used for some of polymerization processes. A UV lamp 
(HRL®, Osram) was set in a container with a gas suction system to extract ozone produced 
by UV irradiation. Piezoelectric microgravimetric measurements were carried out with an 
HP 4395 A netwrok analyzer (Japan) and AT-cut, plano-plano QCM of 10 MHz resonant 
frequency. The QCM sensors were either 14 mm diameter with Au contacts or 10 mm 
diameter with Ag films as electrodes. They were purchased from Lap-Tech (Canada) and 
AL-Elektronik Distribution GmbH (Germany) respectively. Both mechanically polished and 
unpolished crystals were applied. The sensitivity of prepared MIP films was tested with the 
gas measurement system which is described in Chapter 7.2. 
 
3.2.2 Polymerization process 
 
Here we only list out the optimized recipes in the use of the above reagents. 
 
Recipe 1: EGDMA or TRIM + MAA + Template (7:2:7, in mole ratio) + DMPA (1 %, v/v); 
Recipe 2: Heliobond + EGDMA or TRIM + Template + Dodecanol; 
Recipe 3: DVB + Styrene + Template (210:90:100, in volume ratio) + DMPA (1 %, v/v). 
 
In practice, all the ingredients in recipes were added together and purged with nitrogen for 5 
minutes. Ultrasonication might be needed to make the solution homogeneous and get rid of 
gas bubbles. Spin coating was applied to cast the mixture onto substrates (silicon wafer or 
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QCM sensor). The substrates were then exposed under UV light (125 W) for 3 to 30 
minutes. After polymerization, the substrates were rinsed with plenty of acetone and 
2-propanol and dried with nitrogen flow. The thickness of the film was estimated with 
frequency shift. Some of the MIP films were further detected in terms of the gas sensitivity.  
 
3.3 Results and discussion 
 
3.3.1 Photo-initiator 
 
Initiator is a key component in UV cured system. It creates free radicals to initiate 
crosslinking of the groups with unsaturated bonding. The photoinitators employed here are 
AIBN and DMPA, sourcing from two categories: azo-initiator and phenone initiator. DMPA 
has been reported to show highly efficiency in catalyzing photo-polymerisation of chemical 
prepolymers [78], e.g. unsaturated polyesters or acrylates, in combination with mono/multi- 
functional monomers. In this study, it was found that DMPA was able to finish the 
photo-polymerisation in less than 5 min, while using AIBN prolonged the time up to half an 
hour. Thus all the optimum recipes utilized DMPA as photo-initiator (except for Recipe 2, 
since Heliobond has its own initiator inside.)  
 
3.3.2 Porogen and solvent 
 
In order to form binding sites with the analytes, a polymer has to carry certain level of 
porosity, which can be achieved by adding sacrificial porogens. Furthermore, diglyme was 
tried in the recipes in order to improve porosity of the prepared polymer [77, 78]. However, 
it turned out that the pre-polymerization mixture could not form continuous films in the 
presence of diglyme, rather than tiny convex spots onto substrates (Figure 3-2). PVAc and 
biphenyl failed to give good film morphology so dodecanol was utilized.  
 

 
Figure 3-2: Photo of non-continuous MIP films. 
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3.3.3 Features of MIP films coming from different recipes 
 
For Recipe 1, thin MIP films were obtained on QCMs with non-polished cystals, but on 
polished crystals or silicon wafers, it was difficult to keep the pre-polymerization mixture 
thinly spreading on the substrates. The solution inclined to shrink towards the center, 
resulting in thick films and even non-fully covered substrates, as that shown in Figure 3-3. 
Thickness like that (~ 5 μm) is unsuitable to be applied onto CMUTs since too much mass 
loading will create serious damping problem on vibration of the membranes, bringing about 
severely decreased Q-factors and deteriorating the resolution of the transducer. Moreover, 
the films indicated very poor response capabilities. 
Concerning Recipe 2, by diluting Heliobond, a thin polymer film can be produced easily but 
no response ability was shown by the polymer. No functional monomer was included in the 
recipe and thus lacking of recognition sites may be the main reason for this.  
 

 
Figure 3-3: Photo of thick MIP films. 

 
As to Recipe 3, thin films were fabricated and by using photomasks, polymer patterns could 
be formed on silicon wafer (Figure 3-4).  
 

 
Figure 3-4: Photo of localized MIP films through UV photolithography. 
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The problems occurred were related to recognition ability and long-term stability. It seemed 
that the highly cross-linked polymer film was able to operate in strongly solvating liquids, 
but showed low swelling extent, which was actually the basis of responding to VOCs and 
generating signals. Besides, templating effect was not demonstrated either.  
The functional groups of monomers, which are supposed to interact with template 
specifically, should remain in the MIP matrix after polymerization and be accessible and 
active when contact with template molecules again. However, since the templates in this 
research are all volatile solvents, they may have gone out of the matrix during 
polymerization procedure so that the expected interacting sites may not be generated or may 
be “closed”.  
 
Summarizing the experimental results, one can conclude that, continuous and fairly thin 
films can be formed onto silicon substrates through careful optimization of agents 
participating in the polymerization. Secondly, localized deposition by use of UV 
photolithography is also achievable. However, synthesis of ultrathin layers is still 
problematic. Another issue is related to the sensing ability of the obtained films. Highly 
cross-linked copolymer failed to show corresponding sensitivity to their templates mainly 
due to the lack of specific recognition sites in the formed polymer structures.  
In order to get satisfied films to modify CMUTs properly, both the instruments for initiating 
polymerization and the ingredients involved in the process need more research work. 
 



 
Chapter 4 Preparation and Modification of NPs and Sensors 

Chapter 4  
Preparation and Modification of NPs and Sensors 
 

4.1 Reagents and instrumentation 
 

Five substances were used as sensing agents. Their full name and abbreviations are listed in 
Table 4-2. β-CD and CA were provided by ASV GmbH (Bitterfeld, Germany); PEI was 
purchased from Fluka Chemie AG (Switzerland); OV 225 and PDMS were from Supelco 
Inc. and Aldrich Chem. Co. (USA), respectively. In the case of other reagents, styrene, 
divinylbenzene (DVB), potassium peroxidisulfate were obtained from Sigma 
(Sigma-Aldrich, Germany). Concentrated sulphuric acid (98 %) and hydrogen peroxide (35 
%) were purchased from Carl Roth GmbH (Germany). All chemicals were of reagent grade 
or higher. Styrene and DVB were distilled before use and the rest of the reagents were used 
as received.   
In addition, one type of bioactive lipid, ceramide AP was also applied to coat CMUT 
surface and the method utilized is Langmuir-Blodgett (LB) film deposition. Ceramide AP 
was kindly provided by the institute of pharmacy (Martin Luther University 
Halle-Wittenberg, Germany).  
Mechanically polished AT-cut plano-plano 10 MHz quartz blanks and plano-convex 5 MHz 
quartz blanks with a diopter of 1.5 were purchased from Lap-Tech (Canada). Both crystal 
disks have a diameter of 14 mm.  
The CMUT wafers (CT PS8, Siemens AG, Germany) have a resonance frequency in air 
around 20 MHz and have already cut into 10×3.5 mm pieces (Figure 4-1 a)). The chip was 
bound onto a 14×10 mm printed circuit board (PCB) made of epoxy resin, with aluminum 
wires used for connection of the elements (Figure 4-1 b)). Each chip consists of about 45 
elements and the size of one element is 2.6×0.2 mm (Figure 4-1 c)). 82×7 cells make up one 
element and they are electrically connected in parallel. Each cell has a hexagonal surface 
with internally tangent diameter around 20 μm (Figure 4-1 d)). The membrane of each cell 
is made of bulk silicon with thickness of 1.3 μm and the air gap underneath is 0.12 μm. A 
DC voltage (Statron, Germany) was utilized to provide a bias electric field for deforming 
membrane. 
An aerosol jetter (M3D® Aerosol JetTM Deposition System, from Optomec, Inc., USA) was 
employed for high-resolution deposition of sensing materials, as well as localized 
modification. LB film assembling was undertaken using a Minitrough (KSV Instruments 
LTD, Finland). 
The structure and size of crystalline copolymeric NPs were measured by SEM (S-4800, 
Hitachi, Japan), operating at an accelerating voltage of 15.0 kV. 
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a) b) 

c) d) 

           
Figure 4-1: Appearance of CMUT sensor arrays. 

 

4.2 Synthesis and features of NPs 
 

4.2.1 Preparation and functionalization of NPs 
 
Polystyrene-co-DVB (PS-co-DVB) spheres were synthesized by emulsifier-free 
emulsification polymerization. 4.54 mL purified styrene and 0.45 mL DVB were added into 
236 mL of water with 32 mg potassium peroxidisulfate. The solution was poured into a 
500 mL three-necked flask and polymerization was carried out at 70, 80 or 90 ℃ for at 
least 3 hours under a nitrogen atmosphere, stirring at a speed of 350 rpm. The obtained 
PS-co-DVB nanobeads with different mono-distribution of diameters 
(temperature-dependent) were washed with a mixture of methanol and deionized water and 
finally dried under vacuum and stored at 4 ℃. The functionalization of the synthesized 
nanoparicles (NPs) was done by adding acrylic acid (AA) to graft acrylic groups onto NP 
surface. In detail, 5 mL deioned water, 1 g NPs and 200 μL acrylic acid were mixed together 
at 80 ℃ for 20 min, then potassium peroxydisulfate (K2S2O8) solution (32 mg K2S2O8 in 
5 mL deioned water) were added. The reaction carried on for 2 h. The functionalized NPs 
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were filtered and washed with methanol-water mixture for several times and dried under 
vacuum and stored at 4 ℃ . Dry particles (NPs or AA-NPs) were redispersed in 
cyclohexanone at desired concentrations and the suspension was filtrated through a 5 µm 
syringe filter (Millipore Co., USA) prior to use. The obtained NPs were characterized by 
SEM to get the information about size, uniformity and size distribution. 
 
4.2.2 Features of NPs 
 

The self-prepared copolymeric NPs were adopted as a loading support in the 2-step 
modification of sensors for the following reasons.  

(i) The constitutes of the copolymer, i.e. styrene and DVB, have low permittivity, 
which is one prerequisite to ensure non-transformation in the electrical field direction of 
LFE sensor [79]. Besides, the two compounds decide that the copolymer has high glass 
transition temperature (Tg). Therefore, they are not as liable to loss of acoustic energy as the 
more commonly used polymeric coatings with low Tg. This merit enables utilization of 
relatively thick coatings to increase the absolute amount of vapor sorbed in the coating and, 
consequently, enhance sensitivity as well as lower level of detection.  

(ii) The sensor could benefit from the small-sized particles due to the larger surface 
area they offer and the inherent porous structure, to facilitate sensitivity and accessibility of 
interaction sites.  

(iii) Compared with some other materials (e.g. silica bead, graphite, titanium dioxide, 
gold spheres etc.) which have already employed by other groups for modification of 
transducers [80-84], the PS-co-DVB polymers have a relatively low density (less than 
1.0 g/cm3), averting too much mass burden on sensor surface.   

(iv) The polymer beads can be prepared with favorable flexibility and controllability 
in size and surface characteristic by standard polymerization and functionalization method.  

(v) Many biological macromolecules (like protein) can be easily and stably sorbed by 
polymers, which could extend the application of the NP bottom coating to a wide field.  
These attributes, coupled with the intrinsic robustness of copolymer materials, make the 
particulate NP coatings suitable for applications even in harsh environment.  
 
4.3 Utilization of LFE sensor and silicon wafer for preliminary work 
 
Due to the limited amount of CMUTs, silicon wafers and LFE sensors were used for the 
preliminary research, taking advantage of their similarity in surface property (with hydroxyl 
groups linked onto silicon atoms), opulent availability and relative simplicity in handle. 
Particularly, the optimization work to prepare uniformly distributed NP films on whole 
wafer was majorly done on silicon chips, during which, optical microscope and SEM were 
deployed for characterizing the obtained NP films. Afterwards, LFE sensors were coated 
with NP films under the optimized condition. Accurate information including frequency, 
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resistance and quality factor (Q-factor), was obtained by impedance analysis, which allowed 
for evaluating the reproducibility of the coating procedure and the influence of NP film on 
sensor performance. LFE sensor also served as VOC detector to assess the sensitivity of two 
of the five sensing materials (β-CD and CA).  
Similar to TFE sensor, LFE sensor could produce frequency signal with satisfied rejection 
to noise and interference and low rate of signal drift. However, it has innate sensitivity 
limits owing to the relatively low resonant frequency. Another disadvantage concomitant is 
its restriction in relative permittivity (εr) of coating materials, which should be smaller than 
that of the quartz crystal (εr = 4.0), otherwise transformation in the electrical field direction 
of LFE sensor will happen [79]. Therefore, they were not further used to screen other 
candidates.  
Sauerbrey equation was used to describe the relationship between resonant frequency shift 
and mass loading onto LFE sensor surface (Equation (2.1)). The added mass can be a result 
of external coating or vapor sorption. The partition coefficient (K) for varied 
analyte/receptor pairs was calculated with Equation (2.5). 
 
4.4 Preparation of LFE sensors 
 

This process consists of determination of crystallographic axes and deposition of electrodes, 
as described in [85]. Briefly, the correct alignment of electric field direction relative to the 
crystallographic axes of the crystal piece is identified by means of the excited acoustic wave 
modes, namely mode a (thickness extensional) and mode c (slow thickness shear). Their 
mechanical resonance frequencies rely on acoustic mode velocities (vq(a) ≈ 7000 m/s and vq(c) 
≈ 3320 m/s). The fundamental mode frequencies were estimated as f(a) ≈ 21 MHz, f(c) ≈ 
10 MHz for 10 MHz crystals, and f(a) ≈ 10.5 MHz, f(c) ≈ 5 MHz for 5 MHz ones. 
In practice, bare quartz crystals were placed on a printed circuit board (PCB) with the 
desired electrode structure on top (Figure 4-2, left). The two semi-circled electrodes on the 
PCB were connected to RF and GND potential of the impedance analyzer. The electrode 
diameter was 7 mm each and they were separated by a gap of 1.0 mm. The blank quartz was 
rotated on the board until the a-mode was completely suppressed at f(a) while the c-mode 
was at its maximum at f(c) in the measured impedance spectrum [86]. 
Shadow mask was used to deposit the desired electrodes onto the quartz crystals (Figure 4-2, 
middle). Gold was deposited onto the quartz with an initial chromium layer serving as 
adhesion-promoter. The deposition of the metal layers was performed by using magnetron 
sputtering technique. The optimized thickness of gold layer is about 100 nm. The prepared 
sensor has a diameter of each semi-circled electrode being 10 mm and a gap of 0.5 mm 
in-between (Figure 4-2, right). Note the disparity in electrode gap on the test board (1.0 mm) 
and the crystals (0.5 mm). As presented in [85], in a limited range, there is no influence of 
the gap dimension on the response spectrum. 
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Figure 4-2: LFE sensor equipments. 

Left: testing PCB; middle: shadow mask for patterning electrodes; right: prepared LFE 
sensors. 
 
4.5 Surface modification of LFE, CMUTs and silicon wafer  
 

According to the definition of chemical sensors, they have an interface in direct contact 
with samples in medium. It is very common to immobilize appropriate groups onto sensor 
surfaces prior to use and ideally the modified sensor can be used repeatedly for an indefinite 
length of time without regeneration or recondition.  
Either for the intention of avoiding loss of functional groups or out of predefinition of 
desired coating pattern, sensor may be pre-modified by other compounds. Note that we 
educe here three types of functionalization concept for sensor fabrication on the basis of 
different purposes. One is pre-modification, i.e. incorporation of functional groups onto 
sensor surface to enhance binding firmness of the succedent coating; the second is 
preparation of NP films on sensor surface; the last one refers to the deposition of sensing 
agents which interact with analytes.  
 
4.5.1 Surface cleaning of the substrates 
 
The first step in surface modification is generally cleaning. Removing the undesired 
adsorptives is sometimes key for the following coating operation. 
Piranha solution has been frequently used in the microelectronics industry. Here it was 
employed not only for cleaning but also to make substrate hydrophilic by hydroxylating the 
surface, thus increasing the number of silanol groups on the surface [87]. Piranha solution 
was prepared by mixing 98 % concentrated sulphuric acid and 35 % hydrogen peroxide at 
the ratio of 3:1 in volume. (Caution: Piranha solution is highly explosive and should be 
handled with great care.) 
In practice, naturally oxidized silicon substrates were immersed in piranha solution at 80  ℃

for 30 min, followed by fully rinsing of water and dried with nitrogen flow. Quartz crystals 
were cleaned in the same manner. For gold-sputtered crystals, thorough cleaning was 
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carried out by dipping sensors in piranha solution for less than 10 seconds. Silicon 
nitride-coated silicon wafers were also applied in the research, for the purpose of 
resembling the possible surface composition of CMUT and they were simply washed by 
sonication in acetone for 5 min.   
CMUTs were gently cleaned with acetone, methanol and 2-propanol, and then dried under 
nitrogen stream prior to use. For deep cleaning of CMUTs, we strongly recommend gas 
plasma (argon plasma for instance) to enhance desorption of loosely bound contaminants. 
 
4.5.2 Pre-modification 
 
The coupling agents applied here are:  
1) two silane agents for localized deposition of NPs combined with photolithography: 

octadecyl trichlorosilane (OTS) and aminopropyl triethoxysilane (APTS); 
2) polyelectrolyte–polyethylene imine (PEI), mainly for improving the attachment between 

the wafer and the NP coating.  
Figure 4-3 demonstrates their chemical structures. As mentioned above, the modification 
comprises: a) Wafer lithographically modified for localized NP deposition; b) Wafer grafted 
with PEI for AA-NPs deposition.  
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Figure 4-3: Chemical structures of the coupling and sensing agents. 

 
a) Lithographical modificaiton with silanes 
 
In many cases, self-assembled monolayers can be bound on substrate in an easy way, and 
after adsorption step, the unadsorbed molecules can be removed by washing. One 
conventional way for organic modification of inorganic surface (e.g. silica) is to utilize 
silane coupling agents to react with the hydroxyl groups which intrinsically exist on silica 
surface. Many kinds of coupling agents are now commercially available. The ones having 
amino groups can react with acrylic groups. In our study, functionalization of NPs with 
acrylic acid aimed for grafting acrylic groups on NP surface and allowing for reactions with 
silane agent bearing amino groups.  
Figure 4-4 illustrates the experimental scheme to fabricate NP pattern on silicon surface. 
The pretreatment with piranha solution made the silicon surface rich in hydroxyl groups 
(silanols), which were expected to link the silane molecules. OTS self-assembled 
monolayers (SAMs) were formed on the surface by immersing the substrates in OTS 
solution (20 mmol/L in toluene) for 30 min, followed by successive rinsing in toluene to 
remove the unassembled residuals and blowing to dry with nitrogen. UV irradiation with a 
photomask for 30 min was intended to create two kinds of regions grafting different groups. 
The UV-irradiated regions became hydrophobic due to Si-OH group regeneration, while the 
non-irradiated area remained unchanged, i.e. it is grafted with hydrophobic octadecyl 
groups, which gave rise to patterned OTS-SAM. The succedent immersion in APTS 
solution (20 mmol/L in toluene) for another 30 min led to APTS coupling onto silanol 
groups, and hence resulted in formation of octadecyl/amino groups pattern. Water contact 
angle measurement exhibited OTS-SAM having a water contact angle of 80º and APTS of 
30º, which confirmed the successful formation of two different silane pattern (Table 4-1). 
Octadecyl groups from OTS-SAM were supposed to hinder the deposition of NPs, and 
amino groups from APTS-SAM were expected to bind AA-modified NPs. In this way, NPs 
were able to choose their preferred regions (APTS-SAM covered) to locate themselves.  
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Figure 4-4: Experimental procedure for fabricating NP pattern on silicon surface. 
 

Surface condition Si/-OH Si/APTS Si/OTS Si/PEI 

Contact Angle (θ) 15º 25º 80º 15º 

Table 4-1: Water contact angles of variously modified silicon substrates. 
Si/-OH: Silicon substrate with silanol groups;  
Si/APTS, Si/OTS, Si/PEI: Silicon substrates modified with APTS, OTS and PEI, 
respectively. 
 
b) Modification with PEI 
 
Layer-by-layer (LBL) assembly is a simple, versatile, and significantly inexpensive 
approach by which nanocomponents of different groups, particularly of oppositely charged 
layers, can be combined to coat both macroscopically flat and non-planar (e.g., colloidal 
core-shell particles) surfaces [88-92]. In general, the LBL process is achieved by 
alternatively exposing a substrate to positively and negatively charged polymer or particle 
solutions. The driving force for film formation is multi-point electrostatic interactions 
between polyions. Since the freshly piranha-treated silicon wafer bears negative charges, a 
polycation, polyethylene imine (PEI) was employed with the aim of improving the 
attachment of the AA-modified NPs (negatively charged due to acrylic groups on the 
surface) on silicon wafer (Figure 4-5).  
Concretely, PEI polyion layers with positive ions were formed on silicon by immersing the 
substrates in PEI solution (3 %, w/v in water with 50 mmol/L NaCl) for 30 min. 
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Substrate Substrate Substrate 

Polycation  NP Nagative charge 
 

Figure 4-5: Scheme of LBL film and NP film deposition. 
 
4.5.3 NP layer preparation 
 
As stated before, the expectation that NP layer could burden the majority of mass loading 
from the coating, and reduce the variance of different sensor elements on the same wafer to 
avoid calibration, is uppermost. For this purpose, the NP layer must be homogeneous in 
large region. Reproducibility and easy operation are also favorable requirement for the 
deposition technique. Here LB-like deposition, self precipitation and spin coating have been 
tested to achieve these demands. Three categories of silicon wafers (lithgraphically 
modified with silanes, PEI-modified and bare ones) have been involved.  
 
a) LB-like deposition 
 
The first procedure for depositing NPs is so-called LB-like coating approach, named after 
the well-known Langmuir-Blodgett film preparing technique [45, 46]. Firstly, an NP 
monolayer formed by adding one drop of NP suspension in cyclohexanone at concentration 
of 10 mg/mL on top of water in a delimited area. After some time of self arrangement of the 
particles on water surface to get a stable monolayer, substrates were dipped into the water, 
tilted to certain angles and then dragged out with the self-assembled NP layer seated on the 
top. After evaporation of cyclohexanone and water, the NP film was transferred to the 
surface of the substrates. For the localized deposition of NPs on silane-modified silicon 
wafers (Figure 4-4), the substrates were further washed with chloroform to remove NPs on 
undesired regions.  
 
b) Self precipitation of NPs 
 
Self precipitation was carried out by simply immersing silicon wafers in NP suspensions 
(10 mg/mL in water) for 24 h and then purging them with 2-propanol. After that, all the 
substrates were covered by certain amount of NPs and among which, the lithographically 
treated ones were assumed to hold localized deposition of NPs according to the silane-SAM 
pattern.  
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c) Spin coating 
 
As described in Chapter 2.1.4, spin casting allows for coatings of controllable thickness and 
mass loading, which can be easily formed by evaporation of solvents. Herein, this method 
was applied to get NP films. Different amounts of NP suspension in cyclohexanone were 
dispensed on substrates and spread at varying velocities in a house-built spin-coater, until 
dry NP layers were obtained.  
The spin coating procedure was optimized in terms of spin setting (operation sequence, spin 
time, spin speed), concentration of NP suspension solution and other factors (circumstance 
control, treatment of substrate).  
Rough screening was performed in order to determine proper concentration and spin speed 
range first. NP concentrations of 10, 25, 50, 60, 80, 100 mg/mL were tested at different spin 
rates (800, 1000, 1300, 1700, 2000, 2500, 2700, 3000, 3300, 3500, 4000 rpm). Then 
optimal spin procedure was studied, including one step, two or more steps in tandem at 
varied speeds. The NPs involved in the research are of two different diameters (125 ± 5 nm 
and 330 ± 5 nm), with or without AA functional groups on the surface. 
 
4.5.4 Localized deposition of second layers 
 
There are five sensing materials involved in the research, ranging from supramolecules to 
polymers, all of which have been widely serving as sensitive agents in various fields 
[93-99]. The structures of the sensing materials applied are shown in Figure 4-3 and the 
solutions prepared in corresponding solvents and concentrations are tabulated in Table 4-2. 
The abbreviated names were used throughout the thesis for all the materials. β-CD was 
employed during optimization of the deposition process. The rest four materials (CA, PEI, 
OV 225, PDMS), either of liquid or solid state, proceeded to modify sensors under the 
optimized condition. The boiling points (BP) of the adopted solvents are also listed out, 
which are considered as a crucial feature in determining the jetting consequence. The state 
of all the materials refers to that in room temperature and pressure.  
 

Material Abbreviation State Solvent 
Solvents’ 
BP (℃) 

Concentration
(mg/mL) 

Methyl-β-Cyclodextrin β-CD Solid Ethanol 78.4 3 or 6 

4-tert-Amyl-Calix[8]arene CA Solid Chloroform 61.2 0.5 

Polyethyleneimine PEI Liquid Water 100 1.5 

Cyanopropylphenyl 
Dimethylpolysiloxane 

OV 225 Liquid
Ethyl 

acetate 
77.1 3 

Polydimethylsiloxane PDMS Liquid
Ethyl 

acetate 
77.1 3 

Table 4-2: Sensitive materials for modification of sensors. 
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a) Drop coating 
 
Firstly, simple drop-coating was utilized for deposition of the sensitive layers. Typically, 
one microliter of solution was dispensed onto selected element groups on CMUT wafers 
or LFE sensors by using a microliter pipette.  
 
b) Aerosol jetting 
 
The aerosol jetter also belongs to drop dispensing instrument. As shown in Figure 4-6, it 
consists of an atomizing reservoir, a gas inlet for carrier gas (nitrogen) coming in and a gas 
outlet for discharging the aerosol. The reservoir with coating solution or suspension is 
situated inside water tank equipped with an ultrasonic device. A fine mist (aerosol) of 
coating solution is produced owing to the ultrasonic vibration. The carrier gas flow entrains 
the generated mist at controlled rate. The deposition head forms an annular, coaxial flow 
between the aerosol stream and a sheath gas stream (nitrogen). The co-axial flow exits the 
print head through a nozzle directed to the substrate. The vertical separation between the 
nozzle and the sample is typically 3 - 5 mm. The print head is capable of focusing an 
aerosol stream to as small as a tenth of the size of the nozzle orifice. A two-axis (X and Y) 
micropositioning system with variable Z-height is outfitted, having an accuracy of ± 6 μm.  
A microscope camera provides visual control to adjust the process parameters for reliable 
droplet ejection and to avoid satellite drops. At relative humidity of 20 - 50 % in air, the 
printed droplets evaporate from the substrate within a few seconds. 
 
 

Substrate 

 

Reservior 

Deposition 
head 

 
 

Figure 4-6: Working scheme of aerosol jetter and photos of the reservoir and the deposition 
head. 
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In general, the volume of jetted materials onto substrate is determined by the flow rate of 
carrier gas and sheath gas, the amount of aerosols generated inside the reservoir, the size of 
the nozzle, and the mobilization speed of the substrate during deposition. Amongst them, 
the quantity of the yielded aerosols is dependent on the position of the atomizing reservoir 
in the water tank (peculiarly the depth under water) and the vibration frequency of the 
ultrasonic oscillator. 
Particularly, the whole passage of the jetter was emptied and thoroughly rinsed with 
deionized water and 2-propanol to ensure there was no impurity left in the reservoir, the 
passing tube and the nozzle. Then they were further cleaned by ultrasonication in water for 
10 min and dried with nitrogen gas. 1 mL solution with sensing materials dissolved in 
appropriate solvents were added into the reservoir to generate aerosol ready for coating. 
According to the expected coating configuration and the parameters related to the sensor 
used, the aerosol jet system was programmed to coat and pattern sensors in accurate 
dimension.  
LFE sensors did not undergo aerosol jetting. As for CMUTs, the aerosol jetting has been 
implemented in unit of element groups. Figure 4-1 c) illustrates that four elements 
constitute one element group with two-element interval in between.  
During deposition of both NPs and sensing agents, the CMUT membranes were either 
biased by optimal DC voltage or without such connection, with the aim of enhancing the 
final coating performance. Since no significant difference was found, all the CMUT sensors 
were coated without extra bias voltage. 
 
4.5.5 Deposition of ceramide AP with LB film trough 
 
Ceramides comprise nine subclasses and play a crucial role in maintaining the barrier 
function of the skin [100]. The structure and properties of a quaternary membrane based on 
ceramides have been investigated in order to optimize drug penetration and permeation 
[101-103]. The bioactive lipid, ceramide AP (Figure 4-7), was employed as coating agent so 
as to extend the application range of CMUTs in pharmaceutical and biological fields.  
 

OH 

OH 

OH HN 

O 
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Figure 4-7: Structure of ceramide AP employed for CMUT modification. 
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Solution of ceramide AP was made using chloroform and methanol mixture (3:1, v:v) at a 
concentration of 1.0 mg/mL. Then the ceramides were spread onto a deionized water 
surface at the temperature of 35 . The assembly pressure was 17 mN℃ /m. The first layer 
deposited onto CMUT was the hydrophobic chains of ceramide molecules. 31 layers were 
transferred onto the substrate in total with the outermost one having hydrophilic heads to 
outside environment.  
 
In this chapter, the whole procedure of the 2-step modification is described, starting from 
synthesis of nanoparticles (NPs) and preparation of LFE sensors. Then in the first step, three 
deposition strategies (LB-like deposition, self precipitation and spin coating) were 
attempted to form NP film onto three types of substrates (silicon wafer, LFE sensor and 
CMUT). Furthermore, five sensing agents were adapted to produce thin layers on desired 
areas of the substrates, either with or without the bottom NP films. Manual drop coating and 
aerosol jetting were employed in this step. Besides, ceramide AP assembling on NP-coated 
CMUT substrate was accomplished with assistance of a LB film trough. Multi-self 
assembling layers formed in this way, though the ceramide membrane covered the whole 
CMUT wafer instead of localized modification. Introduction of biological materials allows 
for the modified sensor to play a role in more potential applications. 
 
The films deposited in both steps were investigated and evaluated by SEM and impedance 
analysis which are presented in chapter 5 and chapter 6. Optimal conditions and results are 
also drawn out.  
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Chapter 5 
Physical Characterization of Films 
 
5.1 Instruments 
 
The surface morphology of the deposited materials after the first and second preparation 
coating steps were inspected by direct observation, optical microscopy or SEM. Optical 
microscopy was carried on a Zeiss-Opton microscope (Carl Zeiss, Germany). SEM 
measurements were conducted using the same instrument (S-4800, Hitachi, Japan) as that in 
Chapter 4.   
 
5.2 Morphology of NP coating from different deposition approaches 
 
The substrates for observing the coating morphology were pure silicon wafers, silicon 
nitride-coated silicon wafers and CMUTs. We failed to get SEM picture when crystal served 
as coating substrate due to its low conductivity.  
 
5.2.1 LB-like deposition 
 
As described in Chapter 4.5.3 a), this deposition process was done by hand. The random 
fashion of this operation often made the films non-uniform over broad area of the wafer 
surface. Figure 5-1 and 5-2 show the configuration of NP layers on silicon and CMUT 
wafers from LB-like deposition. In limited range, rather uniformly distributed NP layer has 
been formed (Figure 5-1). But on large field of view, fractures exist, which damage the 
continuity of the NP layer seriously (Figure 5-2).  
 

   

 

               a)                                      b) 
Figure 5-1: SEM images of NP covered substrates through LB-like deposition. 

a) Silicon wafer; b) CMUT. 
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1 cm 

Figure 5-2: Photoes of an NP-covered silicon wafer through LB-like deposition. 
 
5.2.2 Localized deposition of NPs through photolithography and self-precipitation  
 
Corresponding to the operation depicted in Chapter 4.5.2 a), wafers were modified with two 
silane agents which bear different functional heads, together with photolithography to 
design patterns on substrates. The photos in Figure 5-3 exhibit the results of 
self-precipitation of NPs after silane-SAM pattern. The round, brighter regions are covered 
with NPs of higher density in comparison with the surrounding area. The phenomena match 
the practical modification expectation and prove the selective deposition of NPs on their 
preferred locations. Closer observation with SEM, however, reveals the non-uniformity of 
the NP layers, where both NP piles and voids coexist. Such fact, in addition to a lot more 
consumption of NPs in store, led to no further development with this strategy. 
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Figure 5-3: Localized deposition of NPs based on Silane-SAM pattern. 
 
5.2.3 Spin coating 
 
The spin coating conditions are shown in Table 5-1. It has been found that the results from 
spin coating are very much dependent on the NP suspension concentration and spin rate but 
not on the spin time, for the evaporation speed of cyclohexanone (suspension medium for 
NPs) is quite fast. Concerning spin operation, firstly loading excessive NP suspension 
followed by immediate rotation is recommended.  
Lower concentration and higher speed usually create a non-fully covered surface while the 
opposite conditions give an NP-multilayer surface. The two lowest concentrations in Table 
5-1 (i.e. 10 and 25 mg/mL) were screened out for they always generated non-fully covered 
surface at even lowest spin rates (Figure 5-4 a)). By contrast, NP suspensions at 80 and 
100 mg/mL were too thick, resulting in NP overlapping phenomena (Figure 5-4 b)). 
Suspensions at 50 or 60 mg/mL showed better coating morphology when the spin speed was 
within 2000 and 2500 rpm. After that, two-step spin procedure was tested: a short-time 
spinning at lower rate, followed by higher rate until substrates were completely dry. The 
initial lower spinning was supposed to disperse the suspension evenly onto the whole 
substrate and let the NPs slowly spin and locate themselves in suitable position. The 
subsequent faster rotation was expected to spin away the upper suspension without 
disturbing the bottom NP layer. The optimal condition we obtained was: spinning at 1100 
rpm for 5 seconds in the first step, followed by 3800 rpm till all the solvent evaporated, and 
the concentration of NP suspension was in the range of 50 - 60 mg/mL. Figure 5-5 exhibits 
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an optical photo of NP layer acquired under the optimized spin condition.  
 

Spin speed (rpm) Concentration 
(mg/mL) 800 1000 1300 1700 2000 2500 3000 3300 3500

10 ×1 ×1 − − − − − − − 
25 ×1 ×1 ×1 − − − − − − 
50 − ×2 ×2 ×2 √ √ ×3 ×3 ×3 
60 − − ×2 ×2 √ √ ×3 ×3 ×3 
80 − − ×2 ×2 ×4 ×4 ×4 ×4 ×4 

100 − − − − ×4 ×4 ×4 ×4 ×4 
Table 5-1: The outcome for NP coating by spin casting under different conditions. 

×: the condition was tested but gave poor consequence. 
×1: the concentration of the suspension was too low. 
×2: the spin speed was too low. 
×3: the spin speed was too high. 
×4: the concentration of the suspension was too high. 
−: the condition was not tested. 
√: the condition worked well. 
 

   
               a)                                      b) 
Figure 5-4: Typical image of non-homogeneous NP films on silicon substrate (× 20 times). 

a) Unfully covered; b) multi-layer covered. 
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Figure 5-5: Typical image of homogeneously distributed NP film on silicon substrate (× 20 
times). 

 
5.3 Pre-modification effect 
 
The purpose of modification of either NPs or substrate is to improve the stability of the 
binding between them. The modification effectiveness was examined by solvent (e.g. 
chloroform, toluene or alcohols) flushing and ultrasonication of the coated substrates 
immersed in water. The residual amount of NPs was observed optically or determined with 
LFE sensors from the increase in resonant frequency as a result of the loss of NPs. On the 
one hand, no significant difference can be found among wafers without modification and 
with various modifications. It seemed that plenty of hydroxyl groups after piranha solution 
pretreatment could provide non-covalent binding for NPs to endure the flushing solvents 
but were incapable to keep them from escaping by ultrasonication. Further modification 
might provide other kinds of weak non-covalent attachment, but they are still not that strong. 
On the other hand, the functional groups which NPs bear contributed to the steadiness of the 
NP film. Compared with non-functionalized NPs, the AA-NPs were less susceptible to 
disturbance by solvent-flushing. Moreover, the size of NPs also plays a part. It has been 
observed that NPs with diameter larger than 200 nm failed to withstand the flushing force of 
solvent (Figure 5-6) while smaller NPs could resist this.  
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Figure 5-6: Influence of organic solvent (chloroform was used here) droplets on formed NP 

layer (ø ≈ 330 nm). 
 
In summary, the best results came from the NPs with diameter around 125 nm and 
undergoing AA-modification. Figure 5-7 exhibits the appearance of two silicon wafers with 
NPs spin-coated under the optimal conditions (see 5.2.3). The right one is silicon 
nitride-coated, and the left one is pure silicon wafer. Over thirty spots on the overall area of 
the wafer have been checked and no disparate topography of NPs was found. Typical 
morphology of NP coating is illustrated with SEM photos in Figure 5-8.  
 

 
Figure 5-7: Appearance of two NP-coated silicon wafers. 
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Figure 5-8: SEM pictures of NPs coating on silicon wafer.  

The inset on the top right corner is under higher magnification. 
 
From the above results one can conclude a rather satisfying homogeneity of the NP layer on 
a large scale. This conclusion has been corroborated by impedance analysis, in which a 
series of LFE sensors coated with NPs were measured and the frequency shifts due to NP 
coating (Δfr

NP) were comparable with each other (see Chapter 6.2.1). In addition, different 
element groups of CMUT sensor experienced the similar operation and analogical Δfr

NP 
were obtained as well (see Chapter 6.2.2).  
 
5.4 Morphology of complex layers from different approaches for depositing 
sensing materials 
 
5.4.1 Drop coating on NP layer 
 
Although direct drop coating of sensing solution with a pipette can define amount 
semi-quantitatively, it is virtually impossible to manipulate self-spreading behaviour of 
droplets on sensor surface (Figure 5-9). The elements groups on the CMUT which are 
expected to be coated are only partly modified, while the neighbour elements receive 
undesirable coating. Such results will lead to significant decrease in Q-factor inevitably. 
And the difference in the number of modified cells and the amount of materials on the cells 
will result in unpredictable sensitivity and signals. Nevertheless, it can be seen from Figure 
5-9 that the second layer evenly modified the NPs underneath. 
Circular residual of the solutes is another problem, resulting in non-homogeneous 
distribution of sensing agents. This phenomenon has been reported in other inkjet studies 
[51, 104-106] and well-known as “coffee ring” structure [107]. During solvent evaporation, 
there was considerable outward fluid motion, which could carry most dispersed materials to 
the edge. Therefore, hand-operated drop-coating only impose minimum control in both 
covered area and configuration of the formed layer. 
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Figure 5-9: NP-coated CMUT wafer with drop-coated sensing materials. 

 
5.4.2 Aerosol jetting on NP layer 
 
As described in Chapter 4.5.4, aerosol jetter is able to prepare films with precise control and 
regulation both in amount and area (Figure 5-10). Since most solvent has been gone right 
after being projected onto substrate, it has no free fluidity to diffuse onto adjacent region.  
Figure 5-11 demonstrates the SEM morphology of single CA coating and double coating 
(NP+CA), which exhibits no significant improvement for CA jetting with NPs on the 
bottom. However, OV 225 coating benefits a lot from the NP loading, as this viscous liquid 
tends to form conglomerated droplets on bare substrate (Figure 5-12 a)), while in the double 
coating system, no drops can be viewed (Figure 5-12 b)). NP layer has no alteration after 
sensitive material deposition.  
The positive effect by using NPs as bottom layer has also been proved by impedance 
analysis, where the increase in resistance and decrease in Q-factor originating from second 
coating was less in the double coating system than that without NP layers (see Chapter 
6.2.2).  
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               a)                                      b) 
Figure 5-10: CMUT sensors modified by aerosol jetting. 

a) With CA (solid); b) with OV 225 (liquid). 
 

   

               a)                                      b) 
Figure 5-11: SEM images of aerosol jetted CA on Si wafers. 

a) Bare Si wafer; b) NP-covered Si wafer. 
 

   
a)                                      b) 

Figure 5-12: SEM images of aerosol jetted OV 225 on Si wafer. 
a) Bare Si wafer; b) NP-covered Si wafer. 
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Based on the above observations, one can make a comparison among the strategies applied 
in the 2-step modification.  
For the NP deposition in the first step: LB like deposition is unable to produce uniform NP 
layer on a large area although NPs can be arranged quite uniformly in small regions; 
selective self-precipitation of NPs can be achieved through modification of substrates with 
photolithography but the number of NPs located on the substrates is out of control and the 
layers are not uniform; finally, spin coating gives rise to the best results by using NPs with 
diameter around 125 nm and having acrylic acid functional groups. The optimal spin 
condition is: spinning at 1100 rpm for 5 seconds followed by 3800 rpm till the end, and the 
concentration of NP suspension is around 50 - 60 mg/mL. 
As to the sensitive material deposition in the second step, manual drop coating is unsuitable 
in realizing uniform layers. Aerosol jetting shows good control in defining the desired 
coating areas. Moreover, there is nearly no limit concerning the jetted substances and all the 
five sensing agents in this research have properly modified the sensors by this technique.  
By comparing the morphologies of the single OV 225 coating and the double coating 
(NP+OV 225), it is clear to see that the close packed and regularly distributed NPs play an 
important part in helping the viscous liquid to be uniformly dispensed on the previous 
smooth wafer.  
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Chapter 6  
Chemical Characterization by Impedance 
Analysis 
 
6.1 Measurement setting 
 
The impedance spectra of LFE and CMUT sensors were measured either with an HP 4395 A 
network analyzer (Japan) or with a home-made fast impedance spectrum analyzer [108], 
interfaced to a PC running resonator-measurement software for display and processing. It 
took about 12 seconds to finish one frequency scan (801 frequency points, 300 Hz IF BW), 
impedance analysis and data transfer to the computer. CMUT chips were glued on and 
wire-bonded to 14×10 mm PCBs made of epoxy resin (see Chapter 4.1), which were 
enclosed in a metal measurement chamber (Figure 6-1 a)). Another home-manufactured cell 
was applied to mount LFE sensors (Figure 6-1 b)). Both cells were designed to avoid 
unwanted disturbances from pressure shocks and possible turbulence. All the measurement 
settings were initially calibrated to subtract the potential system errors and make the 
frequency baseline at the magnitude of zero. The experiments were performed under 
ambient circumstances at room temperature about 25 ℃ and relative humidity around 
33 % .  
For CMUT, the DC bias was optimized to guarantee operation of the sensor at the highest 
Q-factor. One example was shown in Figure 6-2, which illustrated that the optimal DC bias 
for this CMUT was 78 V, for relatively high Q-factor and maximum conductance (Gmax) 
value were obtained under this voltage. Further low voltage generally gives higher Q-factor 
but at the expense of reduced amplitude of Gmax. Note that the optimal DC bias may differ 
from one CMUT to another and also rely on the elements involved. Hence selection of 
optimal DC bias was carried out for each connection. 
 

      
a)                                  b) 

Figure 6-1: Measurement cells. 
a) CMUT; b) LFE sensors. 
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 Figure 6-2: Selection of optimal DC bias for CMUT sensor and the corresponding values. 

DC bias  Gmax (mS) Q-factor 
63 V 15.8 128 
68 V 15.8 94 
78 V 23.5 118 
82 V 25.0 110 

 
6.2 Coating influence on sensor behavior 
 
6.2.1 The behavior of LFEs  
 
The impedance data of the LFE sensor were recorded in each step. Figure 6-3 shows the 
conductance (G) spectra of the LFE sensor in four conditions and the related values are 
listed in Table 6-1. It is apparent that both NP and β-CD coatings lead to negligible 
influence on the shape of conductance peak but only shift the whole curve to left side. For 
sensing films deposited either on bare sensor (Figure 6-3 B) or on NP-coated sensor (Figure 
6-3 D), nearly no change in resistance (R1) was observed. Therefore, it could be concluded 
that, due to the rigidity of the cast material and the uniformity of the NP films, the coatings 
can be used without any attenuation of the acoustic wave and decrease in Q-factor of the 
LFE sensor. The added mass on sensors was estimated according to the Sauerbrey equation. 
For the 5 MHz crystals coated with NPs under the optimal spin speed of 3800 rpm, the mass 
loading from NP coating was about 20 μg/cm2 and the thickness was about 200 nm 
assuming the polymer density of 1 g/cm3. As the diameter of the NPs was around 120 nm, 
the coating morphology could be viewed as double NP layers with some vacant spots, 
which was just in agreement with SEM images (see Figure 5-8).  
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Figure 6-3: Conductance spectra of LFE sensor under four conditions. 

A: in bare status; B: with β-CD coating; 
C: with NP coating; D: with NP+β-CD composite films. 

 

Spectrum Gmax (mS) R1 (Ω) Δfr (Hz) h (nm) Q-factor (×103) 

A 0.865 1156 - - 268 

B 0.940 1064 206 36 297 

C 0.859 1151 1147 203 260 

D 0.868 1152 1359 37 268 

Table 6-1: Conductance spectral data for LFE resonators under four conditions in open air. 

A, B, C and D correspond to those in Figure 6-3. 

Gmax: maximum value of conductance in spectrum; R1: resistance; R1 = 1/ Gmax; Δfr: 

frequency shift due to each coating; h: height of coating calculated with the Sauerbrey 

equation; Q-factor: Quality factor; Q-factor = fr /Δfw
1/2, Δfw

1/2: full width at half height of 

conductance spectrum. 
 
These results proved that, the self-prepared NPs are materials with high shear modulus, and 
more importantly, spin-coating is competent to create a quite homogeneous film over entire 
crystal surface and potentially on larger substrate as well. The NP layer is thin compared to 
the acoustic wavelength and rigidly attached to the quartz crystal, ensuring synchronous 
motion with the oscillating surface. Despite of non-uniform NP coating in partial regions, 
the overall surface is coated by stiff NPs arranged in a similar way. Although stress will be 
unavoidably introduced to the sensor from film preparation procedure, if the extra layer is 
homogenous over the whole sensor surface, it will not generate negative effect on the 
acoustic wave energy of the sensor. The small size of NPs (ø = 125 nm) compared to the 
larger scale of one CMUT membrane (ø ≈ 20 μm) also reduce the risk in energy dissipation. 
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As one can see here, the Q-factor and equivalent resistance have no change for the LFE 
sensor during the 2-step modification, which proves the homogeneity in stress distribution 
from the films.  
Repeated results were obtained for more than 10 different crystals with RSD of Δfr

NP less 
than 1.0 %, which further suggests the reliability of the spin coating technique in preparing 
NP films. LFE sensors coated with different amount of NPs were prepared by adjusting 
spin-speed. The resistance increase kept close to zero, independent on the quantity of 
particles on sensor surface. 
Concerning the further modification with sensing materials on NP surface, non-covalent 
forces like van der Waals force, electrostatic attraction are supposed to bind sensitive agent 
and NPs through active groups existing in both materials.  
 
6.2.2 The behavior of CMUTs 
 
CMUT sensors before and after NP deposition were driven by various DC voltages and 
their performance was recorded with impedance analyzer. In Figure 6-4, plot a) is 
impedance vs. frequency and plot b) is the same data illustrated in the form of conductance 
vs. frequency. After NP coating, the whole curves moved to the lower frequency range. The 
Δfr

NP was about 270 kHz. The R1 increased by ~ 4 Ω (10 %) and the decrease of Q-factor 
was just by ~ 1.4 - 2.6 % relative to the values from the bare CMUT sensor. Different DC 
voltages had no influence on the value of frequency shift, and as for R1, its changing levels 
measured under different DC had only slightly distinction.  
Since CMUT has the inherent array structure, the magnitude of Δfr

NP can be collected from 
individual element group and compared with each other to provide useful information about 
the uniformity of NP film. It was found that the Δfr

NP on different element groups had very 
small deviation (RSD = 1.2 %, n = 5), indicating that the amounts of NPs on different 
element groups were quite comparable and the NP coating showed a satisfied uniformity 
over the whole sensor surface. 
The reproducibility of NP deposition by spin coating was examined on four CMUT sensors 
(all the NP-coated CMUTs we have). It turned out that three of them gave Δfr

NP of 272, 273, 
270 kHz, respectively. The rest CMUT had Δfr

NP of 330 kHz, mainly owing to application 
of NPs prepared from another synthetic process. 
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a)                                    b) 

Figure 6-4: Influence of NP coating on CMUT behavior under different DC voltages. 
 
The second layer deposition was investigated on the basis of two types of CMUT sensors: 
NP-coated ones and bare ones. Figure 6-5 shows the results with OV 225 applied as sensing 
agent. Firstly, the second layer resulted in much less frequency shift compared with the NP 
layer. Secondly, the OV 225 film coated with a preceding NP layer on the bottom had fewer 
disturbances on the sensor behavior, in terms of the decrease of Q-factor as well as increase 
of R1. The increase of R1 before and after OV 225 deposition on the double layer system 
was ~ 1.5 Ω (3 %) and the decrease of Q-factor was by ~1.3 % (Figure 6-5 a)), while in the 
single layer system, these values were around 3 Ω (6 %) and 5 %, respectively (Figure 6-5 
b)). Therefore, the direct coating of the second layer (sensing layer) without the bottom 
loading of NP film generates higher level of negative influence on performance of CMUTs. 
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a)                                  b) 

Figure 6-5: Conductance spectra of CMUT sensors with different coatings under two DC 
voltages. 
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a)                                 b) 
Figure 6-6: Conductance spectra of CMUT sensors with different coatings. 

 
The similar results were obtained from CMUTs with PEI as sensing agent. The spectra in 
Figure 6-6 a) were obtained from a CMUT sensor experiencing NP and further PEI coating 
while Figure 6-6 b) exhibits the performance of a CMUT with direct PEI deposition. With 
regard to PEI coating impact, the change level in R1 and Q-factor were 16.8 % (6.8 Ω) and 
27.9 % for the right one, and no changes at all for the left one. Even considering the overall 
influence of the external coating on sensor behavior, the R1 and Q-factor for the double 
coated sensor altered by 6.96 % (4.7 Ω) and 5.47 %, still smaller than those from direct PEI 
coating. On the ground of these results, it is fair to deduce that the NP layer plays an 
important part in enhancing the uniformity of the second coating and reducing the adverse 
effect imposed from external circumstance. Nevertheless, the operation of aerosol jetting 
technique should be improved in order to raise the total sensor performance. 
 
6.2.3 The behavior of NP-coated CMUTs with ceramide AP membrane  
 
As shown in Figure 6-7, the conductance spectrum of CMUT wafer has slight left-side 
movement after LB film deposition of ceramide AP. The magnitude of R1 increased by ~ 
0.8 % and the resonance frequency shift is about 7 - 8 kHz. Therefore, it can be concluded 
that the LB film deposition is able to be used for CMUT modification and the stability of 
NP films is rather satisfied for no loss of NPs has been found during the whole assembling 
process. 
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Figure 6-7: Conductance spectra of NP-coated CMUT wafer before and after LB film 

deposition. 
 
It can be finally concluded that, the NP coatings on both LFE and CMUT sensors illustrate a 
rather homogeneous property over the entire sensor surface. The NP layer is thin and the 
self-prepared NPs are materials with high shear modulus. All these features contribute to the 
sensor performance in terms of restraining dissipation of the acoustic wave energy and keep 
the Q-factor from decrease. The sensor-to-sensor difference has been checked with both 
sensors and repeated results are obtained concerning the amount of NPs deposited onto 
sensor surface. The RSD of Δfr

NP for over ten LFE sensors is less than 1.0 % and for three 
CMUTs it is 0.56 %. The RSD of Δfr

NP from five different element groups on one CMUT is 
1.2 %. All these results suggest the reliability of the spin coating technique in preparing NP 
films.  
It is also found the the bottom NP film is beneficial to the deposition of the second layer. It 
can lower the level of ΔR1 by helping a more homogeneous dispersion of the sensing 
materials onto the sensor surface. 
In addition, deposition of artificial layers is possible onto NP-coated CMUT. Since 
ceramides cover all the membranes, the measurement conception should be changed. 
Inspired by the “Microtiter plate” instrument, the whole-surface modified CMUTs can be 
utilized as a “microplate”, where various samples can be localizedly dispensed to form a 
sample array. Interactions between the analytes in the samples and the underlying coatings 
can be monitored and measured by the sensor. In this way, inexpensive and rapid analysis of 
multiple samples in parallel is possible. 
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Chapter 7  
VOC Measurement 
 
The modified LFE sensors and CMUTs as described in the previous chapters were used to 
measure several VOCs. Responses were originated by exposing the sensors to varying 
concentrations of different VOCs in air background. Sorption of analyte brought about mass 
loading on the sensor and resulted in a decreased resonant frequency. Here focus was placed 
on the selection and characterization of sensing agents suitable for VOCs from different 
categories. The detection sensitivity, selectivity, response time, release time and long-time 
stability were studied as key characters to evaluate the sensor’s performance in gas testing. 
The factors of interest were directly obtained or calculated from the recorded signals.  
 
7.1 Measurement setting 
 
Most of the experimental settings in VOC measurement were the same as those applied for 
chemical characterization of modified sensors depicted in Chapter 6.1. Some exceptions 
were: IF BW was increased from 300 Hz to 1000 Hz during VOC determination, so as to 
get a faster span time (about 4 seconds). Measurement cell used for LFE sensors had 
another cover with gas inlet and outlet (Figure 7-1). The width of the frequency scan was 
adjusted to just encompass the expected frequency changes in gas testing, in order to 
maximize frequency resolution. A much wider frequency range was set for CMUT than that 
for LFE sensor owing to the low Q-factor of CMUTs. CMUTs were driven under 
respectively optimized DC bias.  
All the measurements have been performed at room conditions. The working scheme of 
VOC detection is portrayed in Figure 7-2. 
 

 
Figure 7-1: VOC measurement cell for LFE sensor. 
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Figure 7-2: Schematic diagram of gas sensor measurement setup. 

 
7.2 Gas application system 
 
The vapour stream was generated by flowing synthetic air through a reservoir containing 
target organic solvents. The temperature of the reservoir was controlled by a thermostat 
(Julabo F 25, Seelbach, Germany). Then the saturated vapors were diluted with carrier gas 
(the same synthetic air) in varying ratio to achieve desired concentration. The vapor 
concentrations in gas phase at respective temperatures were calculated based on the ideal 
gas laws and the Antoine equation [109]. Dilution ratio was realized by adjusting the flow 
rates of both organic vapor stream and the carrier gas with a computer-driven mass-flow 
controller. Valves were used for introduction of analyte gas into the chamber. Typical 
experiments included alternating exposures of sensor to pure air and vapor/air mixture. 
Exposure in certain time (mostly 10 min) was followed by purging the chamber with pure 
synthetic air. The total flow rate through the test cell was kept constant at 80 cm3/min, in 
order to lessen the potential sensor response on the change of flow rate.  
In detail, the sensors were mounted into the sealed gas cells. After a period of balance time, 
basic resonant frequency (fr

1) was recorded, and then a series of standard analyte vapors 
were purged through the detection chamber. The corresponding frequency (fr

2) was 
monitored until equilibrium was reached when analyte adsorption and desorption on the 
sensors came to a balance. The shift of resonant frequency for each analyte was got with 
Δfr = fr

2 − fr
1. The Δfr was used for calculation of the amount of sorbed vapors and partition 

coefficient (K) in each coating systems. Calculation of K is based on Equation (2.5) in 
Chapter 2.1.2. 
Uncoated reference sensors (LFE and CMUT) were mounted into the cells in the beginning 
and exposed under several vapor samples at their maximum testing concentration. No 
signals were obtained from the reference sensors on vapor pulses. Hence, no correction was 
needed for the sorption of vapor to both of the sensors applied.  
 
7.3 Mass sensing verification 
 
Acoustic wave-based microsensors obtain their chemical sensitivity and selectivity from a 
chemically active coating, which interacts with the surrounding environment. As stated in 
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Chapter 2.1.2, the frequency shift of the sensor during vapor sorption may be a result of 
gravimetric effect and viscoelastic change of the coating. One way to determine whether the 
frequency shift corresponds predominately to simple mass effect without or with 
viscoelastic contribution is to monitor motional resistance (R1) before and during exposure 
of sensor to vapor, since increase of R1 signifies accretion of energy loss in sensor 
performance, mainly arising from coating softening.  
Two sensing agents, β-CD and CA, were employed to coat bare or NP-coated LFE sensors. 
During VOC detection with LFE sensors, nearly no change was observed in R1 except in 
exposure to water.  
The experimental consequence for CMUT was somewhat different. A general impression 
during exposure of CMUT to VOCs was that nearly all the vapors conduce to an increase of 
R1, and the increment level relied on the vapor-coating couple and the vapor concentration. 
Detailed data and analysis are presented in 7.5.2.  
 
7.4 Performance of LFE gas sensor 
 
LFE sensors were only modified by β-CD and CA. The present study was undertaken to 
examine the different sensing ability of these two materials to a broader set of solvent 
vapors. 
 
7.4.1 Modification effect 
 
By comparing Δfr before and after exposure to four representative organic vapors, we found 
that, the final sensitivity in composite film system was consistent with that in single 
sensitive layer (Figure 7-3). On NP film, toluene created the highest response, while on 
single β-CD layer, it was 1-propanol; NP+β-CD film inherited the similar recognition 
behavior as the single β-CD layer, especially by showing decreased frequency shift to 
toluene compared with the NP film. The same phenomenon happened in the case of 
n-octane as well, which had the second highest response on NP film and the lowest on β-CD 
single layer. When it came to the NP+β-CD complex, the response reduced to the lowest. 
NP+CA film evinced recognition strength also alike that on single CA layer. The above 
results imply that the sensitive materials are able to modify the NP support underneath 
properly, and moreover, even alter or determine the sensitivity of the whole gas sensor. 
Analogous phenomena have been observed with respect to CMUTs (see 7.5.2). 
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Figure 7-3: The response of LFE sensors with different modification to four VOCs at the 
concentration of 0.5 %. 

 
7.4.2 Real-time response 
 
Real-time responses of LFE sensors coated with composite films of NP+β-CD or NP+CA to 
three vapors are shown in Figure 7-4. In comparison with single sensing material, the gas 
diffusion time was slightly increased with application of PS-co-DVB NPs. Inspecting the 
three VOCs tested, one can observe that the response and recovery time were faster for 
1-propanol and acetone than that for toluene with both complex films. 
The polarity of toluene is the lowest in the three solvents, so that it is preferably sorbed by 
the less hydrophilic groups and structures of the host molecules. In the case of NP+β-CD, 
the recognition towards toluene must be based on the vapor diffusion and interaction with 
the interior cavities of β-CD, where the hydrophilicity is considerably lower than that in the 
exterior of the β-CD toroid. Such process takes longer time than the interaction occurring on 
exterior region, leading to long response and recovery time for toluene.  
As to NP+CA, sensor signals in response to toluene show a dual mode including a fast 
decline of resonant frequency and a slow decrease afterwards. These may be ascribed to 
combination of several interacting sites on the sensor, which can be the amyl groups and 
benzene ring in CA, as well as the bottom NPs. 
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Figure 7-4: Real time response of LFE sensors with different modification. 
 
7.4.3 Sensitivity and selectivity to various VOCs 
 
Vapors in subsets of alkanes, alcohols, ketones and aromatic compounds, plus chloroform 
and water, have been tested with the present LFE sensors at the concentration of 0.5 %. 
Saturated vapor pressure (P0) of all tested vapors were calculated from Antoine equation 
and Antoine parameters [109] at the temperature of 20 ℃. The analytes in Table 7-1 were 
laid in order of decreased P0. However, Δfr corresponding to steady state conditions does not 
follow the sequence, neither does partition coefficient K.  
The sensing layers provide selective detection of VOCs related to both P0 values of the 
analytes and specific interactions. It is very likely that the VOCs are differentiated primarily 
according to their identities, i.e. the categories they belong to according to their molecular 
structures. NP+CA coating shows significantly higher response towards chloroform, 
aromatic compounds (toluene and p-xylene) and non-polar alkanes with low P0 (n-octane), 
in comparison with that towards alcohols. Both coatings have low response capability 
towards the two VOCs with high P0 (n-hexane and acetone). It is assumed that the CA 
molecules bind with NPs via the hydroxyl groups on the narrow rim, leaving the wide upper 
rim to the vapors. The para-tert-amyl substituents there preferentially interact with 
non-polar organic molecules. In the case of NP+β-CD coating, high response occurs to 
water and alcohols, which could be attributed to the hydrophilicity imparted by the exterior 
region of β-CD’s toroid structure and the residual hydroxyl groups. High K for water testing 
may be the result of its strong polarity and swelling of the sensing films.  
In summary, with regard to the two sensing agents used for modifying LFE sensors, it is 
possible to use CA to gauge aliphatic and aromatic compounds, and β-CD to polar or 
low-polar alcohols. 
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NP+β-CD NP+CA 
Analyte 

Mv 
(g/mol) 

P0  
(mbar) Δfr (Hz) K Δfr (Hz) K 

Acetone 58.1 247.3 49 761 54 707 
Chloroform 119.4 206.9 56 1269 95 1814 
n-Hexane 86.2 161.8 18 565 34 900 
Methanol 32.0 127.5 22 1857 14 996 
Ethanol 46.1 59.5 30 1761 27 1336 
Toluene 92.1 29.1 28 822 100 2474 
Water 18.0 23.4 40 6011 40 5067 

1-Propanol 60.1 19.9 62 2790 49 1859 
n-Octane 114.2 13.9 12 284 107 2136 
p-Xylene 106.2 8.7 47 1198 135 2899 

Table 7-1: Frequency response and K of LFE sensors with NP+CA and NP+β-CD 

composite films towards various vapors. 

The concentration of all the vapors was 0.5 % except acetone of 1.5 %. 

Mv: molar mass; P0: saturated vapor pressure.  
 
7.4.4 Stability 
 
LFE sensors coated with single and complex films were stored in normal environment and 
their responses to toluene and 1-propanol were tested again in one week, one month and 
two months. On the one hand, the sensing capacity of all sensors decreased to different 
extent in one week (20 - 30 %) and then had smaller change in the following tests (~ 5 %). 
On the other hand, it has been found that the stability of the modified sensors is very much 
material-dependent. Within the two agents applied for LFE sensors, β-CD showed much 
smaller loss of sensitivity than CA did.  
 
7.5 Performance of CMUT gas sensor 
 
In total, CMUT sensors have been coated with five sensing agents (see Chapter 4.5.4). 
Figure 7-5 shows the responses of differently modified CMUTs as a function of time for 
stepwise exposure to toluene and 1-propanol at varied concentrations in synthetic air. The 
duration for one vapor pulse underwent 10 min except otherwise specified. Note the 
different scaling at the ordinates. The sensor’s behavior has been elaborated in the following 
sub-sections. 
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Figure 7-5: Transient response of CMUTs modified with various coatings in exposure to 

toluene and 1-propanol. 
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Figure 7-5 cont.: Transient response of CMUTs modified with various coatings in exposure 

to toluene and 1-propanol. 

 56



 
Chapter 7 VOC Measurement 

    
Figure 7-5 cont.: Transient response of CMUTs modified with various coatings in exposure 

to toluene and 1-propanol. 
 
7.5.1 Response and recovery time 
 
For most of sensors, the sorption processes are fully reversible, and the time to reach 85 % 
response and recovery equilibrium is within 4 min. The majority of the responses could be 
characterized by a rapid initial frequency dropping, followed by slow decrease and decay 
times. The initial rapid mass increase, which determines the total frequency change during 
vapor exposure, suggests the existence of a limited number of open surface sites within the 
film [110]. Furthermore, relatively slow uptake and release of vapors on or in sensing 
matrix in the following steps may be attributed to the gradual interplay between them. 
The desorption and sorption usually occupy comparable time for one couple of 
sensor-analyte, which indicates the same interaction mechanism during these two periods.  
In some cases, exposure of sensors to vapor pulses caused an irreversible decrease in the 
base value of fr but reversible Δfr during each vapor exposure (Figure 7-5 L, N, S).  
Similar to the conclusion made on LFE sensors, the different sensing behavior on CMUTs 
with various coatings should be mainly referable to the distinction of coating’s structure and 
feature. Further comments on specific vapor-sorbent interactions have been narrated in the 
following section. 
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7.5.2 Sorption isotherm analysis 
 
The resonant frequency shifts due to vapor sorption onto CMUTs, Δfv, were recorded at a 
series of vapor concentrations. The adsorption isotherm of toluene and 1-propanol on the 
differently modified CMUTs were shown in Figure 7-6 to 7-10. What is immediately 
evident for most of the plots is the highly linear correlation between Δfv and vapor 
concentration (Cv) over the tested range of 0.1 - 1.5 %, signifying that the underlying 
sorption principles follows Henry’s law. However, as the concentration increased to certain 
extent, a few unexpected phenomena appeared and some of them were thought to be faulty. 
Nevertheless, in combination with other parameters, the possible causes responsible for the 
observations could still be extracted.  
The following points have been derived by analyzing the sorption isotherm curves.  
Linear isotherm through the range of tested vapor concentration existed for most of 
vapor-sensor systems, denoting Henry’s law behavior.  
Inflection took place in two forms, yielding curves either concave or convex against the Cv 
axis (x axis). Isotherm from NP+β-CD coating was categorized into a concave curve 
without showing a discernible inflecting point (Figure 7-6 b)). The curves from NP+CA 
(Figure 7-7) and NP+PDMS (Figure 7-9 a)) showed convex structures to Cv with a clear 
inflection point. The existence of isotherm discontinuities appears to be associated with 
phase changes of materials.  
It was found that the magnitude of resistance (R1) altered along with resonant frequency. In 
most conditions, R1 increased upon vapor exposure. The R1 accretion level went higher with 
increased vapor concentration, which was especially apparent in double coated CMUTs.  
Take the double coating NP+PDMS for instance. When the coating was exposed to toluene 
at the concentration of 0.12 %, R1 increased by 1.19 % from no toluene status. When the 
concentration of toluene was 1.5 %, R1 increased dramatically by a level of 23.4 %. When 
the analyte was 1-propanol, R1 increased by 1.68 % at the concentration of 0.1 % and 
8.63 % at the concentration of 1.5 %. On the other hand, dramatic rise in R1 may be 
companied by unexpectedly large Δfr. In the NP+PDMS coating, when the sensor was 
exposed to 1.5 % toluene, Δfr was 48.4 kHz, presenting an inflection in the sorption 
isotherm (Figure 7-9 a)). 
The R1 alteration reveals possible change in the physical state of the film. Therefore, the 
jumping of isotherm curves at high vapor concentration may well be attributed to the 
variation in film modulus, instead of large amount uptake of toluene vapors. 
All the isotherm curves exhibited no sign of a saturation response up to the tested 
concentration of 1.5 %, for both toluene and 1-propanol. However, a gradual saturation 
tendency could be observed for NP+β-CD films in exposure to 1-propanol, appearing as a 
logarithmic relation in concentration range from 0.1 % to 1.5 %. This gas affinity isotherm 
may be accounted for by a dual mode model of sorption, represented by a combination of 
Henry’s law and Langmuir theory [111-114]. 
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Single PDMS layer did not render detectable signals for toluene and 1-propanol, thus it can 
be viewed as an “inert” material. The isotherm curves for NP+PDMS film were unexpected, 
when the double coating afforded a lower sensitivity to both of the vapors than NP coating 
(Figure 7-9). We do not have a definitive explanation for this, but one reason might be that 
PDMS screened some of the recognition sites initially located in the NP coating and 
resulted in a less sensitive coating for these two vapors. Similarly, CA film showed “inert” 
to 1-propanol and which may account for the lower sensitivity in NP+CA film compared 
with that in NP film (Figure 7-7). For the rest complex coating systems (NP+PEI, NP+OV 
225, and NP+β-CD), the values of Δfv were close to the sum of the bottom NPs and the 
second layer.  
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Figure 7-6: Sorption isotherm of β-CD film series. a) Toluene; b) 1-propanol. 
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Figure 7-7: Sorption isotherm of CA film series. a) Toluene; b) 1-propanol. 
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Figure 7-8: Sorption isotherm of PEI film series. a) Toluene; b) 1-propanol. 
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Figure 7-9: Sorption isotherm of PDMS film series. a) Toluene; b) 1-propanol. 
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Figure 7-10: Sorption isotherm of OV 225 film series. a) Toluene; b) 1-propanol. 
 
7.5.3 Sensitivity 
 
Partition coefficients K were firstly calculated for vapor-sorbent pair at different vapor 
concentrations and then the values were averaged for each pair. The K average were listed 
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in Table 7-2 and plotted in Figure 7-11. Since calculating K not only considers the amount 
of the deposited sensing materials, but takes the molar weight of vapors into account as well, 
comparison of K is more meaningful in assessment of sensitivity. 
 

Toluene 1-Propanol 
 

Single Double Single Double 
NP 2284.04 -- 2181.42 -- 
β-CD 1376.06 1757.73 10959.20 4440.72 
CA 3477.92 1863.47 - 1747.21 

PDMS - 1484.05 - 856.36 
PEI 737.20 2149.46 5122.51 3342.43 

OV 225 3779.81 3213.94 4633.84 2236.14 
Table 7-2: Partition coefficient of toluene and 1-propanol with different sensing films. 

Single: only one sensing layer. Double: NP plus another layer. 
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Figure 7-11: Partition coefficient with different sensing films.  
a) Toluene; b) 1-propanol. 

 
The NPs alone respond to both tested gases in a noticeable manner. However, the calculated 
K has little discrepancy between toluene and 1-propanol, implicating unspecific response 
capacity of NP film. Inspecting Figure 7-11, one can observe that the overall magnitude of 
sensitivity of each double layer have unanticipated values, some of which are less than the 
values from NP film, rather than an increase based on that of the bottom NP layer, similar to 
the summary made through analyzing the isotherm curves. The coating showing the greatest 
response to 1-propanol is β-CD, whereas it is relatively insensitive to toluene. OV 225 
exhibits the highest sensitivity in contact with toluene, while the other polysiloxane, PDMS, 
gives the lowest response to toluene. These results designate that some degree of specificity 
has been obtained with coatings which have preferring interaction to different vapors. 
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7.5.4 Reproducibility and aging effects 
 
The CMUT sensors modified with sensitive materials were remeasured and their sensing 
ability was retested. The base frequency of all sensors was found some changes to different 
degrees. Most of them displayed less change than the intrinsic frequency noise of CMUT, 
which include CMUTs coated with NPs, β-CD, NP+β-CD, OV 225, NP+OV 225, 
NP+PDMS, CA and NP+CA. For PDMS, PEI and NP+PEI films, the resonant frequency 
went up by 0.05 - 0.1 %, indicating the possible loss of the initial film loading. On the other 
side, the increase of base frequency may also arise from follow-up desorption of the solvent 
residuals coming from the sensing coating preparation.     
Long time stability of the gas sensors was checked for 1-propanol, toluene and acetone. It 
was found that their vapor uptake ability decayed by 10 - 35 % from the first exposure to 
the next one after about two weeks. However, the signals then went stable as repeatable 
responses were obtained in the following measurements. Over this period, all the sensors 
were stored in desiccator without control in temperature.   
Another interesting result was that the lost recognition capability was higher for 1-propanol 
than that for toluene. It is assumed that the major interaction between 1-propanol and the 
sensitive materials is based on hydrogen bond through the hydroxyl groups owned by both 
substances. Such groups may be passivated when exposed to air. Apart from this, the weak 
sticking of the NPs on CMUT surface could also spoil the long-term stability. This problem 
could be solved by chemical modification of the sensor surface or the NPs. 
 
7.5.5 Response mechanism analysis 
 
Sensing agents may either physically incorporate or covalently combine analytes. For most 
of interactions, noncovalent ones take less time than covalent ones, in both response and 
recovery period. Considering the relatively short time and reversible response (see 7.5.1), 
noncovalent interactions should dominate in most sensing processes.  
In particular, hydrophobic forces between alkyls of toluene molecules and sensitive 
materials may be the leading interaction and results in loosely bonded complex at sensor 
surface.  
The mass gain was found to increase monotonically with increasing vapor concentration, 
indicating a bulk adsorption mechanism. Taking into consideration all the obtained 
experimental facts, a somewhat complex adsorption mechanism can be derived out. This 
includes, in addition to the conventional host - guest binding, the interaction of guest 
molecules with alkyl chains, vapor penetration into the film bulk through pores, as well as 
further condensation of vapors into liquid state. Concrete discussion has been made as 
follows. 
Since the two supramolecular sensing agents are both cavitands, cavity filling is firstly 
considered for β-CD and CA, which has been well known for forming inclusion complexes 
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with various materials in both liquid and gaseous phases [21, 22, 115, 116]. The minimum 
requirement for the inclusion complex formation is the size compatibility between host and 
guest molecules. The complexes thus formed are stabilized by various inter-molecular 
forces, such as hydrophobic interaction, hydrogen bonding, and others. Besides, the side 
chains of the supramolecules could either hinder or facilitate the inclusion of vapors into the 
host molecules. As for size, the inner cavity diameters of β-CD and CA are about 7 and 
10 Å [117], while toluene, 1-propanol and acetone are 5.68, 5.15 and 4.82 Å, respectively 
[118]. All of the three are smaller than the supramolecules’ inner cavity diameter. Therefore, 
the cavity radius of the supramolecules does not have much impact on the gas adsorption 
but the functional groups will play a key role. β-CD, for instance, is supposed to be more 
sensitive to hydrophilic alcohols, because of the formation of hydrogen bonds between the 
hydroxyl groups existing in both analyte vapors and β-CD molecules. In the case of CA, the 
presence of alkyl chains is important for the formation of vapor-sorbent complex. Aromatic 
hydrocarbon compound, toluene, can therefore be sorbed by CA derivatives.  
It has been reported that CA self-assembly films tend to form nanoporous architectures 
[119], with empty spaces between the molecules and between the substitute alkyl chains. 
Organic vapors can penetrate through these pores inside the film matrix and condense there, 
accompanied by film swelling [120]. Because the size of the pores is in the nanometer range, 
condensation of vapor may take place at pressures much lower than the corresponding 
saturated limit, particularly at 1.5 % for toluene. The proposed adsorption model does not 
contradict the conventional host±guest mechanism of molecular recognition, but 
complements it in the high vapor concentration range. Thus the results can be interpreted in 
terms of capillary condensation of organic vapors in the nanoporous matrix of CA films 
accompanied by film swelling due to accumulation of liquid adsorbate within the film 
matrix. 
PDMS has methyl groups linked on the siloxane backbones and its response is mainly 
aimed to non-polar vapors. Since the polarity of toluene is smaller than that of alcohols, the 
interaction between 1-propanol and PDMS is weaker than that between toluene and PDMS.  
The side chain components of OV 225 are 50 % methyl groups, 25 % phenyl groups and 
25 % cyanopropyl groups. The cyano group has strong polarity, while other groups impart 
other forces such as hydrophobicity. Therefore, the response to toluene and 1-propanol has 
varied levels, in single layer and double layer (Table 7-2).  
PEI is a water soluble agent, so it is inclined to adsorb polar compounds, e.g. water (not 
shown) and alcohols. As a consequence, the K value for 1-propanaol is much higher than 
that for toluene.  
The comparison of K among vapor-matrix couples intimates that the sorption is also 
dependent on other factors. It can be seen from Table 7-1 that P0 of 1-propanol is lower than 
that of toluene, and acetone has the highest P0 among all the tested gases. Generally 
speaking, the higher the P0 of one vapor, the harder it is to be adsorbed if other conditions 
are kept the same. This could explain the difficulty in acetone detection (most of the films 
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had no detectable response to acetone). However, if there exist specific interactions between 
sensitive materials and vapors, P0 should not be considered as the major factor in 
determining sensor response. In general, the possible contributing factors include a 
structural coincidence between host and guest molecules, specific interactions between 
active groups of sorbents and sorbates, and solubility of vapor or sensing agents with each 
other. Solubility is mainly associated with their configurational likeness. To better 
understand the influence of molecular structure on sensing activity in a semi-quantitative 
manner, Hansen Solubility Parameter (HSP) analysis has been applied to investigate the 
interaction forces and their strength between sensitive materials and vapors.  
Hansen Solubility Parameters have been developed, among other applications, as a way for 
the rational selection of solvents since 1967 [121, 122]. They are based on the idea that 
“like dissolves like” [123], where one molecule is defined as being “like” another if they 
have a similar chemical structure. Such analysis could be expected to estimate or predict a 
general intermolecular interaction force. 
Specifically, each molecule is given three Hansen parameters, representing three kinds of 
intermolecular forces, with (MPa)0.5 as unit in the SI system of units.  
δd: the dispersion HSP; 
δp: the dipolar HSP; 
δh: the hydrogen-bond HSP. 
These three parameters can be treated as co-ordinates for a point in three dimensions also 
known as the Hansen space. The “distance” (Ra) between material 1 and 2 in Hansen space 
can be calculated using Equation (7.1).The nearer two molecules are in this three 
dimensional space, the more likely they are to dissolve into each other. 
 
(Ra)2 = 4(δd2 – δd1)2 + (δp2 – δp1)2 + (δh2 – δh1)2                                  (7.1) 

 
Although the HSPs of the detected VOCs can be directly found in this handbook [124], for 
most of the sensitive materials involved in the research, their HSPs are not available. 
Therefore calculation of their HSPs has been carried out on the basis of group-contribution 
approach.  
The first step was to split the molecular structures of each compound or the repeating unit in 
the case of polymer or supramolecule. The group segments were identified and summarized, 
and their occurrences in the whole structure were counted. With the reported partial 
solubility parameters of all the constituent groups and the equations in [125], the HSPs were 
calculated out. In the second step, the solubility parameter “distance”, Ra, in respective 
guest-host pairs was obtained with Equation (7.1). The smaller the Ra is, the higher the 
solubility between the two substances.  
Table 7-3 presents the computed HSPs for the five sensing agents and all the HSPs for both 
vapor and sensing agents are tabulated in Table 7-4. Ni is the occurrence of the group in 
corresponding structure; Ci refers to the contribution of each group to the solubility from 
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[125]. The equation to get δd, δp, δh is: 
 
δ = ΣNi Ci + C                                                          (7.2) 
 
where C is a given constant, which is 17.3231, 7.3548, 7.9793, respectively for δd, δp, δh.  
PEI, β-CD and CA all have active hydrogen in either secondary amino group (for PEI) or 
hydroxyl group (for β-CD and CA). They are supposed to be dissociated on the surface of 
the sensor, therefore not lending themselves to the solubility parameters.  
As supramolecules, β-CD and CA contain repeating unit involved in one molecule, and the 
number of the basic unit is 7 for β-CD and 8 for CA. However, multiplication was not 
involved in calculating HSPs since solubility is majorly related to the groups constituting 
the compound, instead of its steric structure. 
β-CD has three hydroxyl groups and in our case, the one applied is partially 
methyl-substituted (m-β-CD). Because of this, the partition of the residual hydroxyl and 
methoxyl groups should be estimated first. The molecular weight (Mw) of the applied 
product is 1310 g/mol, and Mw of β-CD with one-hydrogen replacement and two-hydrogen 
replacement are 1232 and 1330 g/mol. Thus it can be predicted that about 80 % of β-CD 
molecules are under two-hydrogen replacement and 20 % under one-hydrogen replacement. 
Therefore, the Ni for -OCH3 and-OH groups in β-CD were set as 1.6 and 0.4 due to such 
partial methylation.  
 

β-CD  δd δp  δh 
1st-order 
groups 

Ni  Ci Ni Ci Ci Ni Ci  Ci Ni Ci 

-OCH3 1.6  -0.5828 -0.93248 0.1764 0.28224  0.1460 0.2336
-OH 0.4  -0.3462 -0.13848 1.1404 0.45616  7.1908 2.87632

-CH2- 1  -0.0269 -0.0269 -0.3045 -0.3045  -0.4119 -0.4119
-CHO (ethers) 1  0.8833 0.8833 1.6853 1.6853  0.4470 0.447 
-CH< (cyclic) 5  0.6450 3.225 0.6491 3.2455  -0.2018 -1.009 
-CHO (cyclic) 1  0.2753 0.2753 0.1994 0.1994  -0.1610 -0.161 

C    17.3231  7.3548   7.9793
ΣNi Ci + C    20.60884  12.9189   9.9543
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CA  δd δp  δh 
1st-order 
groups 

Ni  Ci Ni Ci Ci Ni Ci  Ci Ni Ci 

-AC 3  0.8446 2.5338 0.6187 1.8561  0.0084 0.0252
-ACH 2  0.1105 0.221 -0.5303 -1.0606  -0.4305 -0.861

-ACCH2 1  0.6933 0.6933 0.6517 1.3034  -0.1375 -0.275
>C< 1  1.2686 1.2686 2.0838 2.0838  0.0866 0.0866
-CH3 3  -0.9714 -2.9142 -1.6448 -4.9344  -0.7813 -2.3439
-CH2 1  -0.0269 -0.0269 -0.3045 -0.3045  -0.4119 -0.4119

C    17.3231  7.3548   7.9793
ΣNi Ci + C    19.0987  6.2986   4.1993

 
PEI  δd δp  δh 

1st-order 
groups 

Ni  Ci Ni Ci Ci Ni Ci  Ci Ni Ci 

CH2 4  -0.0269 -0.1076 -0.3045 -1.218  -0.4119 -1.6476
-NH 2  1.4681 2.9362 2.8345 5.669  1.2505 2.501 

C    17.3231  7.3548   7.9793
ΣNi Ci + C    20.1517  11.8058   8.8327

 
OV 225  δd δp  δh 

1st-order 
groups 

Ni  Ci Ni Ci Ci Ni Ci  Ci Ni Ci 

CH3 2  -0.9714 -1.9428 -1.6448 -3.2896  -0.7813 -1.5626
CH2 3  -0.0269 -0.0807 -0.3045 -0.9135  -0.4119 -1.2357
CN 1  -0.3392 -0.3392 6.5341 6.5341  -0.8892 -0.8892
AC 1  0.8446 0.8446 0.6187 0.6187  0.0084 0.0084
C    17.3231  7.3548   7.9793

ΣNi Ci + C    15.805  10.3045   4.3002
 

PDMS  δd δp  δh 
1st-order 
groups 

Ni  Ci Ni Ci Ci Ni Ci  Ci Ni Ci 

CH3 4  -0.9714 -3.8856 -1.6448 -6.5792  -0.7813 -3.1252
C    17.3231  7.3548   7.9793

ΣNi Ci + C    13.4375  0.7756   4.8541

Table 7-3: First-order group approximation for HSPs of various sensing substances. 
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Vapor δd δp δh 
Toluene 18 1.4 2 

1-propanol 16 6.8 17.4 
Acetone 15.5 10.4 7 

 
Sensing agent δd δp δh 

β-CD 20.6088 12.9189 9.9543 
CA 19.0987 6.2986 4.1993 
PEI 20.1517 11.8058 8.8327 

OV 225 15.805 10.3045 4.3002 
PDMS 13.4375 0.7756 4.8541 

PS 18.5 4.5 2.9 
Table 7-4: HSP list for vapors and sensing agents. 

 
Based on the above data, the distance Ra between each pair of vapor analyte – coating agent 
was further calculated out (Table 7-5). 
 

Ra Substance 
Toluene 1-propanol Acetone 

β-CD 14.9392 13.3358 10.9303 
CA 5.8019 14.5917 8.7446 
PEI 13.1714 12.9384 9.5858 

OV 225 10.1908 13.5661 2.7695 
PDMS 9.5813 14.8310 10.6888 

PS 3.3793 15.5094 9.3606 

Table 7-5: Ra between each vapor-coating couple. 

 
By comparing the values of Ra in Table 7-5, one can make a rough estimation in sorption 
capacity of the sensing agents between toluene and 1-propanol. Most of them are in 
agreement with the experimental results (Table 7-2), except OV 225 and NPs. It is easy to 
explain the inconsistency of NPs’ response in contact with the vapors because the 
practically used NPs are a cross-linked copolymer with surface modification of acrylic acid, 
whose chemical structure must be very different from the PS in the handbook.  
Concerning OV 225, both experimental and calculation errors might be the cause for the 
discord.   
Note that no experimental data for acetone, for CMUTs always had very low sensitivity to 
acetone molecules.  
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7.5.6 Equilibrium analysis on vapor sorption 
 
It is known that, due to mass loading by purging vapors into gas measurement cell, the 
sensor inside yields electrical signals by decreasing its resonant frequency. Typically this 
appears as a rapid decline of frequency, and then the speed slows down to a balance status. 
But we did find some sensors showed continuous and slow descent behavior after the initial 
fast response, which is seemingly endless. The CMUT coated with NP+β-CD complex film 
was one example, when it was exposed to toluene vapors (Figure 7-12).  
 

 

Figure 7-12: Exposure of NP+β-CD modified CMUT sensor to toluene at different 
concentration. 

  
In order to figure out the real cause behind such behavior, a long time gas measurement was 
done on this sensor with the concentration of toluene at 1.0 %. The obtained signals are 
plotted in Figure 7-13. The sensor is seen to give an increase of resonant frequency to an 
extra air flow (from air = 0 to air = 80 cm3/min at 0.31 h), and then a balance came very 
soon. After rapid frequency dropping as a result of toluene sorption (exposure to toluene 
vapor at 1.57 h), a sustained and slow downward shift of frequency lasted for about 19 
hours and no balance tendency occurred. After repurging the sensor with pure air 
(80 cm3/min at 20.58 h) for some time, the recording went on without any air flow (at 26.40 
h). A continuous dropping of frequency was observed even no air flowing through the 
sensor. At 34.20 h, the gas cell was disconnected to the gas system, an increase of frequency 
lasted till the end of the whole experiment. The overall impression of these phenomena is 
that it is very likely that the long time dropping of frequency is not because of toluene 
sorption but the consequence of sealing the sensor into the gas cell.  
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Figure 7-13: Long time exposure of NP+β-CD modified CMUT sensor to toluene at the 

concentration of 1.0 %. 
 
Despite of this, the continuous frequency dropping did not happen to all of the sensing 
coatings. Even for the same film, it is not necessarily so under exposure to other vapors 
(Figure 7-14).   
 

 
Figure 7-14: Exposure of NP+β-CD modified CMUT sensor to 1-propanol at different 

concentration. 
 
7.5.7 Study of pre-condition 
 
Conditioning is a phenomenon referring to the dilation of a polymer in contact with a highly 
swelling gas [126]. It often results in larger levels of sorption and permeation of the gas in 
the polymeric matrix [112].  
Interpretation of the conditioning behavior is on the basis of the hypothesis that, as the 
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polymer is swollen, the mobility of the chains is enlarged, causing disruptions of subtle 
chain-packing in the polymer. The breakups offer more sorption sites owing to decreased 
energy demands for sorption, appearing as elevated capacity in the overall polymer 
response under exposure to vapors.  
In order to determine if the sensing agents involved in this research also exhibit 
conditioning response, the double-coated CMUT sensors with the sensing layer of 
supramolecule (β-CD), glassy polymer (NPs) or rubbery polymers (OV 225 and PDMS) 
were tested by repeated toluene and 1-propanol pressurization at a fixed volumetric flow 
rate with vapors at a given concentration. The vapor concentration was kept at 0.5 % in all 
the transient cycles, unless specified otherwise. Change in base frequency was considered 
as an indicator of conditioning effect. 
The performance of different kinds of coating materials was described as follows. 
 
1. For the two rubbery polymer coatings, a slight decrease of frequency baseline occurred 
when the sorbate is toluene and no change when it is 1-propanol (Figure 7-15 and 7-16).  
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Figure 7-15: Transient response of CMUT sensor coated with NP+OV225 complex films at 

room temperature to toluene (the first three cycles) and 1-propanol (the following three 
cycles) at the concentration of 0.5 %. 

 
In particular, for the NP+OV225 coating, during toluene purging, the base frequency before 
the preliminary one was reduced by ~ 600 Hz compared with those before the subsequent 
cycles. Then this CMUT sensor was stored in desiccator for 48 hours and then retested 
again with an opposite sampling sequence, i.e. 1-propanol flowing through the sensor first. 
The behavior for 1-propanol was the same that it led to no significant frequency baseline 
reduction. The influence due to toluene preliminary purging became insignificant as well 
when the vapor flew through sensor after 1-propanol measurement (Results were not 
shown). 
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For the NP+PDMS modified CMUT sensor, the conditioning effect was especially apparent 
as the frequency baseline dropped by 5 kHz as a result of the first contacting with toluene 
(Figure 7-16).  
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Figure 7-16: Transient response of CMUT sensor coated with NP+PDMS complex films at 

room temperature to toluene (the first four cycles) and 1-propanol (the following three 
cycles) at the concentration of 0.5 %. 

 
2. NP+β-CD indicated discrepant response upon toluene and 1-propanol: the former vapor 
resulted in a large decrease of frequency baseline and 1-propanol did not (Figure 7-17).  
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Figure 7-17: Transient response of CMUT sensor coated with NP+β-CD complex film at 
room temperature to toluene (the first three cycles) and 1-propanol (the following three 

cycles). 
 
3. NP coating showed slightly positive change in base frequency, which was independent on 
the vapor type and did not rely on the sampling sequence either (Figure 7-18 and 7-19).  
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Figure 7-18: Transient response of CMUT sensor coated with NP film at room temperature 
to toluene (the first three cycles) and 1-propanol (the following two cycles) at the 

concentration of 0.5 %. 
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Figure 7-19: Transient response of CMUT sensor coated with NP film at room temperature 
to 1-propanol (the first three cycles) and toluene (the following three cycles) at the 

concentration of 0.5 %. 
 
From the above results, we could conclude: 
1. For rubbery polymers involved in this research, conditioning phenomenon exists, where 
preliminary exposure to highly swelling gases causes subsequently higher sorption, dilation, 
and permeation properties, allowing for some excess volume relaxing around packing 
disruptions but leaving the disruptions as sorption sites with lowered sorption energy 
requirements. In the two vapors tested here, toluene can be viewed as a highly swelling gas 
for OV225 and PDMS.  
2. The NP+β-CD coating also implied the existence of conditioning response upon toluene 
vapor. Another supramolecule CA illustrated a similar conditioning behavior (Figure 7-5 G). 
3. For the highly cross-linked polymeric NPs (poly styrene-co-DVB here), no conditioning 
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phenomenon was observed. Although as stated in the beginning, it has been reported that 
many glassy polymers show conditioning behaviors, the high cross-linking property of the 
NPs synthesized for modifying CMUTs are not prone to be swelled and relaxing upon 
toluene and 1-propanol. 
4. It is worth to note that the two rubbery polymer coatings indicated no further change in 
the base frequency after the preliminary transient cycle. This suggests that repeated 
exposures to vapor do not cause subsequent relaxations, so the polymers show no further 
increase in sorption capacity and essentially no further increase in overall volume upon the 
following repressurization after desorption, when compared to samples which had not been 
exposed to vapor. This absence of conditioning could be explained by that the relaxation of 
coating was limited and already complete (or nearly complete) in the initial contact with 
vapor molecules. After that, the polymers were less susceptible to disruption of chain 
packing. 
5. In summary, concerning conditioning response, the complex films’ behavior was mostly 
in line with the second layers’, since the bottom NP coating did not exhibit conditioning 
phenomenon. In order to decrease the conditioning influence on the accuracy of vapor 
determination, preliminary experimental data were not recommended to be involved in the 
calculation of sensor’s sensitivity and other parameters.  
 
7.5.8 Tentative kinetics study on vapor sorption 
 
The fundamental study of VOC sorption and diffusion in sensing agents, has been actively 
pursued for many years [127-130]. It can not only provide useful information on sensor 
behavior, coating morphology, interaction between analyte and sensor, but also help to 
realize predictive estimation of sensing response versus time and put forward pertinent 
comments or suggestions on some experimental situations to improve the sensor 
performance.  
Several measurement conditions thought to have influence on kinetic parameters of gas 
sensing process were fixed (controlled room temperature, fixed gas cell, total gas flow rate 
at 80 ml/min), in order to spectacularly study the factors of interest. 
A typical result is illustrated in Figure 7-20 for one CMUT sensor modified with NP+PEI 
complex films in exposure to 1-propanol at different concentrations (the same plot shown in 
Figure 7-5 M). By magnifying the initial 300-second exposure period of the sensor, one can 
observe an induction phase following a ‘knee’ in the curve and then a frequency decline 
which is nearly linear along with time (Figure 7-21 a)). The desorption behavior is similar 
in all respects except for the direction of frequency change (Figure 7-21 b)). It should be 
noted that the partially amplified curves shown in Figure 7-21 were plotted with normalized 
time axis, i.e. the starting time (t = 0) is at the point when toluene vapor was introduced into 
the gas cell.  
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Figure 7-20: Transient response of NP+PEI coated CMUT sensor in response to 1-propanol. 
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a)                                   b) 
Figure 7-21: Partially amplified transient response of 1-propanol vapor on NP+PEI 

modified CMUT sensor showing induction time and linear time dependence. 
a) Sorption; b) desorption. 

 
Brace et al showed the dependence of the initial induction and ‘knee’ period on gas flow 
rate, and found an inversely proportional relation [131]. This fact implies a geometric 
influence of testing system, for instance, the dead volume of gas cell. Thus a constant flow 
rate is necessary for the analysis of kinetics. Provided the same flow rate and the same 
sorbate-sorbent couple, vapor concentration (partial pressure) will act as the key factor on 
the time length before slow adsorption period comes. As shown in Figure 7-21, higher 
concentration of 1-propanol shortens the time period of the linear frequency decline. 
However, it is not necessarily faster for establishing sorption equilibrium under higher 
vapor concentration.  
Since the operation temperature was not changed during the whole vapor measurement, the 
activation energy was assumed constant. However, shift of temperature up to a few degrees 
can not be avoided as the gas cell was placed in the normal circumstance without using a 
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thermostat. This could be the reason for some drifting phenomena of the frequency baseline. 
 
7.5.9 Anomalous response analysis 
 
Spaeth et al. reported that spectroscopic ellipsometry study of PDMS film showed that 
exposure of the films to toluene vapor caused an increase in refractive index [132], which is 
related to the condensation of vapor inside the capillaries at pressures lower than their 
saturated pressure (P0) at a certain temperature [120, 133]. Hence, it can be equally deduced 
that the films participating in our study, such as PDMS, OV 225, have been affected in the 
same way during vapor sorption.  
Compared with 1-propanol, capillary condensation is more likely to occur in the case of 
toluene, mainly owing to the higher volatility of toluene vapor (larger P0). 
Kelvin equation can be used to determine the pressure required for vapor condensation, in 
the form of Equation (7.3).  

 
                                                 (7.3) 

 
where P and P0 are the saturated vapor pressure inside the capillaries with a radius r and in 
normal conditions, respectively. V is the molar volume and γ is the surface tension of the 
vapor. θ is the wetting angle in the capillary. R is the universal gas constant, and T is 
temperature.  
According to this equation, the pressure needed for particular adsorbate to condense in 
capillary structure is related to the parameters V, γ and P0 for the adsorbates, taking the 
assumption that other factors kept identical. A rough estimation for toluene and 1-propanol 
was made and it turned out that ratio between P and P0 for toluene was about 1.6 - 3 times 
higher than that for 1-propanol. This may be the reason why in NP+PDMS coating, 
condensation happened at the vapor concentration larger than 1.0 % for toluene 
(corresponding P/P0 = 0.35) while for 1-propanol, no condensation was observed (no 
apparent curve inflection occurred). Besides, in NP+CA coating, the concentration limit 
necessary for toluene condensation was found to be 0.8 % (corresponding P/P0 = 0.28) 
while it was 1.0 % (corresponding P/P0 = 0.51) for 1-propanol.  
In conclusion, varied solubility parameters and volatility of the tested vapors account for the 
difference in partition coefficient. Moreover, the physical and chemical features of sensing 
matrix, including morphology, roughness, porosity and solubility also strongly influence the 
generic vapor sorption. Thirdly, variational response strength is correlative to the presence 
of specific interactions between sensing materials and vapors as well.  
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7.6 Conclusion 
 
The performance of the fabricated sensors has been evaluated by means of exposure to 
several VOCs. Modified LFE sensors have been used to detect ten vapors from different 
categories of organic compounds and two representative vapors (toluene and 1-propanol) 
have been extensively employed for studying CMUTs.  
Most coatings responded to step changes in vapor concentration of the gas molecules 
rapidly and reversibly. The uptake and release time were found to be less than four minutes 
when 85 % of sorption or desorption equilibrium was reached for most of vapor-coating 
couples. Among different pairs of vapor and sensor, there exists variation in respects of 
sensitivity, stability etc. LFE sensors were coated by two sensitive materials, β-CD and CA,. 
Comparing their responses to the ten analytes, one can find that β-CD is more sensitive to 
alcohols (methanol, ethanol and 1-propanol), acetone and water, while CA shows higher 
sorption capacity to chloroform, alkanes (n-hexane and n-octane), aromatics (toluene and 
p-xylene). As for CMUT, the sensitive coatings, β-CD, PEI and OV 225, give rise to larger 
partition coefficient K in exposure to 1-propanol and the rest two materials, CA and PDMS, 
indicate higher sensitivity in response to toluene.  
The measurement results demonstrate that the sensitive materials involved in the research 
can be used to detect analytes of pharmaceutical interests as well as for flexible automobile 
fuels.  
Concerning the magnitude of Δfv, it was interesting to find that in comparison with NP films, 
not all the double layers (NP+sensing agents) necessarily provided the highest sensitivity 
(value of Δfv,) upon vapor exposure, some of which showed the response capacity less than 
that from single NP layer (NP+CA and NP+PDMS). While for other complex coating 
systems, the values of Δfv were close to the sum of the bottom NPs and the second layer 
(NP+PEI, NP+OV 225, and NP+β-CD).  
The underlying mechanism for the interaction between vapors and sorbents has been 
concretely expounded. By analyzing the HSPs of these compounds, selectivity can be 
estimated semi-quantitatively and the theoretic prediction is in agreement with the 
experimental results for most of the interactions. It is safe to conclude that the chemical 
structures of the substances play the primary role in sensing process and the physical 
properties such as Tg of the sorbents, P0 of the vapors, all contribute to the final sensing 
signals.  
The variation of R1 value is referable to the physical status of the sensing materials in 
contact with vapors. For CMUTs, the alteration in R1 has relations with sorbent and vapor 
types and vapor concentration. Significant change of R1 was not observed during gas 
detection with LFE sensors, which is very likely due to the fact that the same coatings on 
LFE sensors are thinner than those on CMUTs.  
In summary, the proposed mechanism of sorption includes specific interaction between 
vapor and sensor, swelling of sensing film and condensation of sorbate within the film.  
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For all the odorants it might be generalized that the sensors with single layer have 
characteristics quite close to their corresponding blends (NPs plus sensing materials). 
Although double-coated films do not always provide an elevated sensitivity, they still have 
potential in keeping sensors’ stability, as well as reproducibility in sensing response. It can 
be expected that the improvements introduced at the fabrication stage – increasing control 
of the fabrication process – would result in lower variation of sensor responses as compared 
to the sensors modified by direct aerosol jetting. 
The bottom NP layers provide sensitivity to all the vapors as well. On the one hand, this 
suggests NPs can also be adopted as a kind of sensing agent. However, utilizing NPs as 
bottom layer materials needs extra calibration or subtraction of their sensitivity. On the 
other hand, searching for other “inert” substances which have no or little sorption ability to 
coat sensors firstly in the 2-step modification technique is an alternative way to circumvent 
this problem.  
Long time and repeating exposures of CMUTs to VOCs have been performed in order to get 
more information related to the sensing process and the accompanied changes of the sensing 
layers. It was found that the phenomenon that some sensitive materials illustrated endless 
frequency shift in exposure to certain gas (e.g. NP+β-CD to toluene) did not originate from 
vapor sorption but pressure effect from the measurement cell. Repeated purging of sensors 
with VOCs showed reproducible sensing response, although permanent combination 
between vapor and sensor might occur in their first contact. Vapor concentration had 
influence on uptake and release time but in concern with interaction rate, little relation was 
observed. 
 
 



 
Chapter 8 Conclusion 

Chapter 8  
Conclusion 
 

Numerous combinations of materials and processes can be used to get membranes. 
Although each has advantages and disadvantages, the issues of uniformity, repeatability and 
controllability are common for all, especially in sensor industrial fabrication.  
It is our intention to build up a prototype system by using CMUT sensor array and thus 
realize controlled sensor modification, characterization, evaluation and selection of new 
sensing agents, and predictable VOC determination. 
 
In this research, a double-coating process has been developed to modify chemical sensors 
with complex films made up of nanoparticles (NPs) and sensitive materials. In the first step, 
NPs formed a layer on the whole surface of sensor and in the second step, localized 
deposition of various sensitive agents were realized on the NP surface. The films have been 
characterized with SEM and impedance analysis. Gas detection with the prepared sensors 
has been carried out and the performance-related parameters such as sensitivity, selectivity, 
reversibility, response and recovery time, long-time stability, etc. have been studied and 
presented in detail. 
 
Firstly, NPs have been synthesized by copolymerization of styrene and divinylbenzene and 
further functionalized to improve their cohesion on sensor surface as well as to better 
immobilize other sensing agents.  
Several strategies for NP deposition have been attempted for the purpose of getting 
homogeneous NP coating to avoid significant decrease in Q-factor of sensor performance. 
Spin coating has finally been chosen since it is able to create relatively uniform NP layer 
and the approach itself has shown satisfied reproducibility in respect of the coating’s 
morphology. Besides, repeated results have been obtained concerning the amount of NPs 
deposited onto sensor surface. The RSD of Δfr

NP for LFE sensor is less than 1.0 % (n > 10), 
and for CMUT it is 0.56 % (n = 3), which further suggests the reliability of the spin coating 
technique in preparing NP films. The NP-deposited sensors can be washed with most 
common organic solvents and nearly no particles stripped off the substrates.  
Different commercially available compounds have been directly patterned onto selected 
regions of CMUT sensors by aerosol jetting technique. In this sense, the prepared double 
films possess robust property of the co-polymeric NPs and diverse chemical features 
imparted by the upper layers.   
 
In the SEM and impedance measurement, the influence of the prepared coatings on sensor 
behaviour has been investigated to evaluate and optimize coating strategies. It has been 
found that the obtained NP film has a well-organized bi-layer structure, high thermal 
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stability and uniformity. By introducing such as an antecedently cast NPs rather than direct 
deposition of sensing materials, “coffee ring” structure of the second coating has been found 
to be alleviated, because of the close packed NP films with regular conformation. Thereby, 
it allows for a similar mass loading onto each element (membrane). As revealed in SEM 
photos, viscous matrix such as OV 225 has formed a far more continuous film on NP 
surface, in comparison with that on bare sensor surface. Moreover, the influence of external 
coating on Q-factor has also been reduced.  
No significant attenuation of the acoustic wave energy of the sensors has been observed, 
which is mainly attributed to the rigidity of the cast materials and the fair uniformity of the 
complex films.  
 
With respect of film thickness, NPs always take up the larger part compared with the 
materials on top. Hence, the bottom uniformly-arranged NP layer defines the acoustic 
properties of the whole device. 
 

General sensor responding behavior in exposure to VOCs is: due to the mass loading by 
purging vapors through the testing cell, the sensor displayed a rapid decline of frequency, 
which is followed by a slow decrease and then a balance or near-balance status. 
Reversible sorption and desorption of these vapours has been confirmed with repeated 
experiments. Most of the sensors are able to reach 85 % response equilibrium with 4 min. It 
has been assumed that responses of sensors to vapor pulses result from the changes in mass 
and viscoelasticity of sensing agents on the surface owing to vapor sorption. Certain degree 
of selectivity has been achieved based on the physical and chemical properties of both host 
and guest molecules.   
 
The interacting mechanism between different analyte-sensor couples has been analyzed and 
useful information has been extracted from isotherm curves. By calculating and comparison 
of the Hansen solubility parameters (HSPs) between hosts and guests, it is possible to 
explain the different response capacity of sensitive materials in exposure to toluene and 
1-propanol. It is summarized that the overall sensing signals are the result of specific 
interaction between vapor and sensor, swelling of sensing film and condensation of sorbate 
within the film.   
 
In our study, not only the contribution of nano-structure to the elevation of the recognition 
sites, but also the fact that the bottom layer shares the majority of mass loading on 
resonators compared with the second coating, makes the technique very promising in 
industrial sensor manufacture, since the latter advantage is assumed to alleviate or even 
obviate laborious and complicated calibration work, which is necessary for mass production 
of sensors. The use of such composite structure consisting of NP+sensitive material is 
supposed to make significant improvement in sensor performance. 
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In addition, CMUTs have also been modified by a bioactive material, ceramide AP, with 
assistance of a LB film trough. The film thickness is in accordance between experimental 
results and theoretic calculation.  
 
In the end, it can be concluded that the double-coating process is highly efficient and 
reproducible for fabricating multi-layers with desirable uniformity and stability. Both 
deposition steps are direct and thus can be easily controlled and adjusted, which has 
compatibility with various coating matrixes, making nearly no limits to incorporate 
amountless other sensing candidates. The abundant sources of sensitive materials will open 
out a wide application scale and greatly increase the diversity and versatility of the sensor 
system, as well as the sensitivity and selectivity of the films. Moreover, since spin coating 
and aerosol jetting technology have been well-established for many years, the whole 
deposition procedure can be transferred from laboratory to industry out of question. Since 
some of the detected organic compounds have founded their positions as automotive fuel 
and biomarker in disease diagnosis, the application of the modified sensors for flexible fuel 
vehicle detection, as well as in pharmaceutical and medical fields, is positively expectable.  
 
In retrospect of the 2-step deposition technique, it is possible to derive another detection 
tool from the modified CMUT sensor array. Firstly, the whole CMUT wafer can be coated 
by NPs, ceramides or other media, either through spin-coating or with help of a LB film 
trough. A homogeneous layer is obtainable, as have been demonstrated in this research, 
which is the premise to guarantee the reliability of the following application. Then various 
samples can be dispensed onto different element groups of the modified CMUTs. Sorption, 
interaction or penetration of the analytes in the samples may occur in the interface of the 
coatings. These processes can be tracked and perceived by the sensor, and represented in the 
form of electrical signals. 
Analogous to the “Microtiter plate”, the above described conception can serve as a cheap, 
rapid and simultaneous analysis of multiple samples. Since the detector is based on the 
frequency change of acoustic wave rather than photometry of normal Microtiter plate, such 
instrument has potential to provide more precise measurement.  
 
The future work will be focused on establishment of construction of sensor array system on 
the ground of CMUT. Pattern recognition techniques will be applied to transducing signals 
obtained from the multiple-sensors for identification of vapour mixtures. 
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