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of DDT. However, in 2006 the World Health Organization (WHO) recommended the re-

introduction of DDT to prevent malaria in developing countries.  Consequently, it is 

currently being used in some developing nations to prevent malaria and other tropical 

diseases by spraying on interior walls to kill or repel mosquitoes [8].  

In recent times, the principal classes of insecticides in use in the United States and 

in most industrialized countries are the organophosphates, carbamates, and pyrethroids 

[5]. Ethyl parathion or parathion (for short) was the first organophosphate to be marketed 

commercially [9].  It was formulated in 1946 as a broad-spectrum, nonsystemic 

insecticide and is now approved for nine crops: alfalfa, barley, corn, cotton, canola, 

sorghum, soybean, sunflower, and wheat. In the environment, it breaks down to its more 

potent form, paraoxon. Other organophosphates that are frequently used include phosmet 

(apples, fruit crops, and vines), methyl parathion (almonds, cabbage, onions, rice, and 

sweet potatoes), and chlorpyrifos (orchards, row crops, and residential pesticides).  

1.1.2 Classification 

There are six major classes of pesticides [10]. The first group consists of organic 

phosphates that are known as organophosphate pesticides (OPs). OPs are the focus of this 

work as they are known to affect the nervous system by disrupting the enzyme that 

regulates the neurotransmitter acetylcholine. Most organophosphates are insecticides, and 

their toxicological effects on insects are similar to their effects on humans. This has been 

exploited to develop weapons of mass destruction (used in World War II as nerve agents 

and most recently in the Tokyo subway attack in 1995) [3;11]. They include diazinon, 

parathion, methyl parathion, and phosmet [10;12]. The second group is the carbamates. 

They also affect the nervous system by disrupting the enzyme that regulates 
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acetylcholine. Carbaryl, carbofuran, and methomyl are examples of carbamates [3;10;13]. 

The third group consists of chlorinated hydrocarbons or organochlorines. These 

pesticides generally persist in the environment for long periods of time. They include 

DDT, chlordane, and heptachlor [3;11]. The fourth group is the pyrethroid. These 

pesticides were developed as a synthetic version of the naturally occurring pesticide 

pyrethrin, which is found in chrysanthemums. They have been modified to increase their 

stability in the environment [11]. Allethrin and fenvalerate are examples of pyrethroid 

[10]. The last two groups are metal and organometal pesticides e.g., tributyl tin (TBT), 

dimethylarsinic acid, and arsenic [10;14]. 

1.1.3 Environmental and Health Effects of Pesticides 

Among the class of pesticides, organophosphate pesticides (OPs) such as parathion 

and malathion are the most widely used chemical pesticides in the US and throughout the 

world [15]. According to the US EPA, over 1,100 million pounds of pesticides are 

produced each year [16;17] and are approved for use in various sectors including 

residential and urban settings [5;18-20] with the agro-industry being the number one 

consumer [3].  The widespread use of OPs is due to their high insecticidal activity and 

perceived rapid degradation in the environment [10;21-23]. However, recent research 

shows that these pesticides persist variably under different environmental conditions 

[10;24].  

Pesticides play a vital role in controlling agricultural, industrial, home/garden, and 

public health pests. As a result, goods and services can be supplied at reasonable cost and 

high quality. However, the economic benefits from pesticide use cannot be achieved 

without associated risk to the environment and human health. This is due to the fact that 
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pesticides are toxic chemicals and move from their target sites as a result of pesticide 

spray drift, erosion, and contaminated soils particles being blown by winds [3;25]. OPs 

are toxic because they act as inhibitors of acetylcholinesterase, an enzyme that catalyzes 

the hydrolysis of the neurotransmitter acetylcholine [26]. The inhibition of this enzyme 

disrupts the transmission of nerve impulses [24]. As mentioned earlier, pesticides move 

to non target sites, and the amount of pesticides that migrates from the intended 

application site depends on several factors including its chemical properties (i.e., water 

solubility, vapor pressure, ability to bind to soil and plant tissue), the weather, soil 

properties, type of plant tissues on which they are adsorbed, and the way they are applied.  

In the agricultural sector, OPs (solid granules or liquids) are often dissolved in 

organic solvents and applied to fields by hand-sprayers, motorized blowers and dusters, 

and by aircraft [10]. When pesticide solutions are sprayed, the nozzles on the equipments 

produce droplets. Some of these droplets are very small. Therefore, they remain 

suspended in air and are carried by air currents to other locations, potentially 

contaminating areas beyond the intended application sites. Furthermore, pesticides may 

threaten nearby wildlife when they are applied to crops by escaping into the atmosphere 

and being blown by winds to nearby areas. In certain situations, atomized or volatized 

pesticide can be blown to areas where they adhere poorly to surfaces (e.g. soil, plant 

tissue, and ground).  

The presence of pesticides in the soil is a source of soil pollution since they 

negatively affect soil conservation by destroying organisms such as earthworms. In turn, 

this reduces the soil quality and decreases the amount of organic matter (e.g., earthworm 

casts) in the soil, which also decreases the ability of the soil to retain water. 
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Consequently, rain and other water can easily carry pesticide particles to off-target sites. 

This is known as runoff. Runoffs in agricultural regions enter water sources (groundwater 

and surface water) by seeping through the soil and leaching [25]. Pesticides may also 

enter water sources through spray drift, spillage (accidental or intentional), and soil 

erosion. The polluted water then enter aquifers, source of drinking water in many 

communities [3;27]. Once OPs enter water, they pose potential risk to human health and 

aquatic environment.  

In the aquatic environment, the exposure of organisms to OPs affects the balance of 

aquatic ecosystems. Adverse health effects from OPs that may occur in drinking water 

include acute effects (caused by exposure to high concentrations during short times) and 

chronic effects (caused by exposure to low concentrations over many years) [28]. The 

primary effects of OP acute exposure are on the parasympathetic, sympathetic, and 

central nervous systems, with symptoms including fatigue, muscle cramps, and diarrhea 

[29].  Chronic effects are usually neuropsychological, including poor concentration and 

suicidal thoughts [7;29;30]. Most recently, exposure to OPs has also been linked to 

asthma [15]. 

Groundwater is an important natural resource. It constitutes about 4% of the total 

hydrologic cycle and is often used as drinking water. In many countries, groundwater is a 

substantial strategic resource in the public water supply (50% in the US, 35% in England, 

and 70% in the Netherlands) [3;25].Therefore, it is critical that groundwater aquifers are 

managed to meet drinking water standards, which are set by the “Safe Drinking Water 

Act” and mandates the EPA to set Maximum Contamination Levels (MCLs) for a 

number of pesticides including alachlor (2 ppb) and atrazine (3 ppb) [31]. WHO and 
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European Union (EU) maximum residue level (MRL) of pesticides is 10 ppm for most 

foods and 0.1 ppb for drinking water [10]. It is noted that these levels were determined 

using laboratory analytical instruments and agricultural produce typically have high 

residue levels (>10 ppm) of OPs [10;32;33].  

Managing aquifers to meet drinking water standards is a major challenge because 

it is difficult to monitor the movement of groundwater and there is a significant time 

difference between emissions and detection of chemical residues [3]. Furthermore, it is 

very expensive to treat contaminated aquifers; as a result, the best approach for protecting 

ground water is to control contamination at its source. The major problem policy makers 

face is establishing the relationship between on-site emissions and groundwater 

contaminant concentrations [3]. One possible solution is to develop an inexpensive, real-

time, portable, reusable, and robust monitoring systems or sensors for the in-situ 

detection and classification of harmful OPs in water, which is the purpose of this work. 

One approach is the development of chemical sensors. In the next section, a brief review 

of chemical sensors including their characteristic, configuration, and platforms is 

presented. 

1.2 Overview of Chemical Sensors 

A chemical sensor is a device that converts a chemical stimulus produced by the 

presence of a chemical analyte or chemical reaction into an electrical signal. This output 

signal is used for identification and quantification of the chemical analytes in gaseous and 

liquid states. A typical chemical sensor system consists of a recognition element (often a 

coating that is specific to certain chemicals or reactions), a transduction element, and a 

readout technology for continuous monitoring of chemical concentrations. The sensing 
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process is illustrated in Fig. 1.1. First, the analyte interacts with the coating, changing its 

mechanical, electrical, and/or optical properties. This in turn changes one or more 

characteristics of the sensor platform. Finally, a readout technology (electronics and 

measuring circuitry) is used to measure and convert the chemical perturbation into an 

electrical signal.  

Various sensor technology platforms can be used to probe the changes induced by 

the interaction of analyte molecules with the recognition element. These include resistive 

devices, capacitive devices, optical devices, micro-cantilever devices, and acoustic wave 

devices. As a result, chemical sensors are often classified based on the sensor platform. 

Regardless of the sensor platform, the performance of chemical sensors is characterized 

by the following main parameters: 

 Sensitivity (S): Change in the measurement signal per concentration unit of the 

analyte [34;35], i.e. the slope of the calibration graph . It is the product of the 

sensitivity of the recognition element (coating) to the analyte and the sensitivity of 

the transducer to changes in its operating characteristic. The former depends on 

the physicochemical interaction of the analyte and coating and the sorption 

capacity of the coating and the latter by the design and performance characteristic 

of the sensor platform [34]. 

 Time constant (τs): Time it takes for the sensor response to reach 63% of its final 

value when exposed to a step change in concentration. 

 Sensor response time (t90): Time it takes the sensor signal to reach 90% of its final 

value when exposed to a step change in concentration [35]. This value depends on 

the rates of sorption and the nature of analyte-coating interactions. It is noted that 
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the sensor response time and time constant are related and is given by the 

expression ( )st τ3.290 = . This assumes exponential behavior of the response 

mechanism. 

 Detection limit or limit of detection (LOD): Smallest concentration of an analyte a 

chemical sensor can reliably detect. “Reliably” is often taken to mean that the 

signal measured is no smaller than three times the root-mean-square noise level 

[36]. 

 Dynamic range: Concentration range between the detection limit and the upper 

limiting concentration [35]. 

 Selectivity: Degree to which the sensor can distinguish target analytes from non-

target analytes [37]. This depends on the ability of the coating to recognize the 

size, shape, or dipolar properties of the analytes [38]. 

 Linearity: Relative deviation of an experimentally determined calibration from an 

ideal straight line. Usually values for linearity are specified for a definite 

concentration range [35]. 

 Stability: Ability of a sensor to maintain its performance for a certain period of 

time. As a measure of stability, drift values are used, e.g. the signal variation for 

zero concentration [35]. 
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Figure  1.1: Transduction process of a typical sensor system. 

 
 

For a given sensor platform, the coating is arguably the most important element in 

the sensor system because it significantly affects the overall sensor performance (i.e., 

sensitivity, selectivity and response time of the chemical sensor to a class of analytes). As 

mentioned earlier, there are various sensor technology platforms that can be used to 

implement chemical sensors. These include resistive devices, capacitive devices, optical 

devices, micro-cantilevers, electrochemical devices, and acoustic wave devices. In the 

next section, a brief overview of acoustic wave sensor physics, materials, and sensor 

types is presented. Emphasis is placed on the guided shear-horizontal surface acoustic 

wave device since that is the sensor platform used in this dissertation. 
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1.3 Acoustic Wave Devices as Chemical Sensors 

Acoustic wave (AW) devices are devices on which a mechanical or acoustic wave 

(and hence the name) can be generated. These devices are typically fabricated on 

piezoelectric crystals and employ the piezoelectric effect to generate the acoustic waves 

[39;40]. Here, an oscillating voltage is applied at an input electrode to create an electric 

field and a mechanical wave that propagates through the crystal (in the bulk and on the 

surface) and is then converted back to an electrical field at an output electrode for 

measurement. For sensing applications, the characteristics (i.e. velocity and/or amplitude) 

of the wave of the propagating wave are monitored by measuring the frequency and/or 

phase and insertion loss of the device. Any perturbation of the wave changes its velocity 

and/or amplitude, which can be correlated to the source of the perturbation (i.e., the 

stimulus).  

AW devices have been commercially available for over 60 years and have found 

wide applications in communications [39;41]. In recent times, AW devices have also 

been used for sensor applications [36;39]. From the class of sensor platforms previously 

mentioned, AW devices hold the greatest potential for implementing field deployable 

sensors because of their performance and economic characteristics (i.e., sensitivity, speed 

of response, dynamic range, ruggedness, miniature dimensions, low cost, and 

manufacturability and compatibility with IC fabrication technologies) [34;39]. 

Furthermore, some AW devices can be wirelessly interrogated [42-44],thus indicating the 

possibility of remotely collecting the sensor data.  An AW device is used in the present 

work as the sensing platform. 
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As mentioned earlier, AW devices are fabricated on piezoelectric materials. The 

most common piezoelectric substrate materials used as acoustic wave sensor platforms 

are lithium niobate (LiNbO3), lithium tantalate (LiTaO3), and quartz (SiO2). Each crystal 

has advantages and disadvantages, including temperature dependence, propagation 

velocity, attenuation, and cost. Table 1.1 shows some of the common design parameters 

for these crystals. In general, a given crystal with a particular cut is chosen depending on 

the intended application. For example, in an application where various gases are being 

detected and temperature variation has to be minimized, the ST X quartz supporting a 

surface acoustic wave would be a suitable candidate as a sensor platform because it has 

temperature coefficient of zero near 25 °C. 

 
 
Table  1-1: Commonly used shear horizontal surface acoustic wave (SH-SAW) piezoelectric materials 
 

Material Orientation Velocity: 

Metal surface 

(m/s) 

Temperature 
Coefficient 
(ppm/°C) 

Cost 

42.75° YX-
Quartz  

(ST-90° X 
Quartz) 

42.75° rotated, 
Y-cut, X-
propagating 

4960 ~ 0 near 25 °C Lowest 

LST-Quartz 15° rotated, Y-
cut, X-
propagating 

4990 ~ 0 near 25 °C Lowest 

36° YX-
LiTaO3 

36° rotated, Y-
cut, X-
propagating 

4112 

 

~ -32 Medium 

64°/41° YX-
LiNbO3 

64°/41° 
rotated, Y-cut, 
X-propagating 

4478/4379 ~ -81/-80 High 
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AW devices are differentiated by their velocities and displacement directions. There are 

three main modes of particle displacement: (1) longitudinal, when particle displacement 

is in the same direction as the direction of propagation of the wave; (2) shear-horizontal, 

when particle displacement is parallel to the device surface and normal to the direction of 

propagation; and (3) shear-vertical, when particle displacement is normal to the device 

surface and perpendicular to the direction of propagation. Furthermore, the wave may 

propagate through or on the surface of the substrate. In the latter case, the wave is known 

as a surface wave and devices with this type of propagation are called surface-acoustic 

wave (SAW) devices. They include the Rayleigh SAW (longitudinal and shear-vertical 

particle displacement) and the shear-horizontal surface acoustic wave (SH-SAW) device 

(shear-horizontal particle displacement). When the wave propagates through the 

substrate, the wave is called a bulk wave and devices with this type of propagation are 

called bulk acoustic wave (BAW) devices. Examples of such devices include the 

thickness-shear mode (TSM) resonator (shear-horizontal), the acoustic plate mode (APM) 

device (shear-horizontal, shear vertical or longitudinal), and film bulk acoustic resonator 

(FBAR) (shear mode or longitudinal). 

Only a few of these devices can operate efficiently in liquid because they have no 

shear-vertical component of displacement to radiate longitudinal waves into the liquid, 

and hence they dissipate a negligible amount of acoustic energy into the liquid. These 

devices include TSM, SH-SAW, FBAR, and SH-APM (see Table 1-2).  In general, the 

sensitivity of an AW device is proportional to the amount of energy that is in the 
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propagation path that is being perturbed [39] and the operating frequency [45]. As a 

result, surface wave devices are more sensitive than bulk wave devices. As shown in 

Table 1.2, the SH-SAW device holds the most potential for the development of very 

sensitive (bio)chemical sensor for direct liquid-phase sensing because of the surface 

nature of the wave and its high operational frequency. In this work, the SH-SAW device 

fabricated on quartz and lithium tantalate substrates (see Table 1-1) are investigated for 

the development of a chemical sensor for in-situ detection and monitoring of 

organophosphate pesticides.  A brief review of SH-SAW sensors is given in the next 

section. 
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Table  1-2: Comparison of acoustic sensors [10;36;39;41;46;46;47;47-49] 
 

Sensor 
Device 

Sensitivity  Factors 
Determining 
Sensitivity 

Operation in 
Viscous 
Liquid 

Operating 
Frequency 

(Fundamental) 

Delay-line or 
Resonator 
Configuration 

TSM Low (0.014) Operating 
frequency, 
Acoustic 
energy 

Yes Low 

(5-20 MHz) 

Resonator 

SH-APM Low-Med  Operating 
frequency, 
Acoustic 
energy 

Yes Med-High 

(25-200 MHz) 

Delay-line 

SAW High Operating 
frequency, 
Acoustic 
energy 

No High 

(0.03-3 GHz) 

Both 

SH-SAW High  Operating 
frequency, 
Acoustic 
energy 

Yes High 

(0.03-3 GHz) 

Both 

FBAR High Operating 
frequency, 
Acoustic 
energy 

Yes High 

(0.1-10 GHz) 

Resonator 

 
 
 

1.4 Shear Horizontal Surface Acoustic Wave (SH-SAW) Sensor 

Platforms 

The shear Horizontal Surface Acoustic Wave (SH-SAW) is a surface wave and is 

structurally similar to a Rayleigh SAW. It is obtained by rotating the cut of the 

piezoelectric substrate appropriately so that the wave propagation mode changes from 

shear vertical SAW to SH-SAW [36;39]. Unlike the Raleigh SAW, SH-SAWs often 
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propagate slightly deeper within the substrate (in some cases, referred to as surface 

skimming bulk waves)[50-52]. Hence the uncoated SH-SAW device is less sensitive to 

surface perturbations than a Rayleigh SAW device. The device sensitivity to surface 

perturbation can be increased by depositing a thin guiding layer on the device surface. 

The effect of the overlayer is to trap the acoustic energy near the sensing surface [50-52], 

thus increasing the sensitivity to surface perturbations. The resulting acoustic wave is 

analogous to a Love wave on an isotropic substrate with an overlayer [51]. The amount of 

acoustic energy that is trapped increases with the thickness up to an optimum value. 

Therefore, device sensitivity increases as the wave displacement amplitude increases at 

the surface i.e., as the film thickness is increased [53;53;54]. In the present work, the 

guiding layer is a polymer material that also acts as the chemically sensitive layer. It is 

noted that waveguiding occurs when the shear wave velocity of the overlayer is less than 

the shear wave velocity of the piezoelectric substrate. 

The SH-SAW devices used in this work are fabricated in a dual delay-line 

configuration with the input and output interdigital transducers (IDTs) fabricated on the 

crystal surface, or sensing surface. Figure 1.2 shows the geometry for the excitation of 

the SH-SAW by the IDTs. The transducers have a length of L and consist of N split finger 

pairs having a periodicity d. The transducer width is in the y-direction and the crystal axis 

is rotated with respect to this axis. On this geometry, a shear horizontal SAW is generated 

when an alternating voltage is applied between two adjacent electrodes. This wave 

propagates from the input IDTs to the output IDTs with a velocity, v, determined by the 

crystal material and crystal cut. The center frequency is given by λ/vfo = , where λ is 

the SH-SAW wavelength determined by the transducer periodicity d (center-to-center 
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distance between two adjacent electrodes of one comb of the IDT [36]). The length of the 

delay-line and acoustic path length are denoted by ls and lT, respectively. The theory and 

sensing principles are discussed in more detail in Chapter 2. 

 

 

Figure  1.2: Transducer orientation for excitation of SH-SAW. It is noted that the cut is Y-rotated 
with respect to the crystal axis. 
 
 
 

1.5 Applications of Acoustic Wave Chemical Sensors  

Acoustic wave-based chemical sensors have numerous applications. Specifically, 

SAW devices are ideal candidates for applications requiring miniaturized and portable 

trace chemical detection capabilities because they are extremely sensitive gravimetric 

detectors and can be implemented using semiconductor microfabrication techniques. As a 

result, compact, light, robust, and power-efficient modules can be mass produced, leading 

to reduced cost. Due to its high mass sensitivity, the SAW device can be coated with a 

film to detect chemical species of interest. Using SAW devices as the transducer, sensor 

systems have been developed that can detect trace (ppm to ppb) levels of airborne 

analytes such as hydrogen (H), sulfur dioxide (SO2), hydrogen sulfide (H2S), and 
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dimethyl methylphosphonate (DMMP) [55-59]. These devices can be employed for 

various applications including:    

• environmental monitoring/remediation (including pesticides) 

• counterterrorism (including airport security) 

• nonproliferation (including chemical and biological weapons detection) 

• in-situ industrial process monitoring and control 

• personal health and safety 

• vehicle pollution monitoring 

• study of thin-film properties 

One of the chemicals receiving much interest recently are pesticides [10;26;60-

62].  

1.6 Microsensor Arrays  

For most of the applications described in Section 1.5, the response of the chemical 

sensor is not specific for particular analytes and consequently methods are needed to 

improve selectivity. One approach to solve this problem, proposed by Zaromb and Stetter 

in 1984, is to use an array of chemical sensors for a particular application [63]. In this 

strategy, identical sensor platforms having different partially selective coatings are used 

to study multicomponent samples (mixtures). Here, the response of the entire sensor array 

to known chemical analytes (supervised learning) or to an unknown complex mixtures 

(unsupervised configuration) forms a pattern, like a fingerprint. Provided these coatings 

are chosen to offer as many orthogonal1

                                                 
1 Orthogonal measurements are independent, complementary measurements which increase the ability of a 
sensor to correctly identify a particular analyte. Orthogonal measurements are critical for providing 

 or nearly orthogonal measurements as possible, 
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the patterns can be analyzed using various chemometric (pattern recognition) techniques 

[65-68] including principal component and cluster analysis,  for analyte identification, 

quantification, and classification.   

 The first step in designing and developing a chemical sensor array is to 

appropriately select the coating materials. There are several approaches for selecting 

materials for a sensor array, and they can be categorized into three main groups: (1) 

diversity in structures and properties, (2) unsupervised learning methods that explore 

experimental or simulated sensor array data, and (3) methods that evaluate the success of 

various arrays in performing classification or quantification tasks [69]. Most often, 

several approaches are used in any given study where subsets of multiple coatings are 

selected for an array. The initial selection approach used in this work is based on the 

work of Grate et al. [70] and Abraham et al. [71-73]. Here, they use linear solvation 

energy relationships (LSERs) to estimate polymer/vapor partition coefficient. This 

approach requires the LSER coefficient for a given polymer and solvation parameters for 

given vapor species. It is noted that the solvation parameters for OPs in water is not 

available in the literature [72]. However, based on their work, it is known that polymers 

exhibiting strong hydrogen bond acidity e.g., fluoropolyol (FPOL) and hexafluoro-2-

propanol-substituted polysiloxanes (SXFA), are desired in an array for detecting basic 

vapors such as organophosphorus compounds [69;71;73-76]. Most of these coatings are 

not available commercially at affordable prices and more importantly, have not been 

characterized for liquid environments. Therefore, the final selection of any coating for the 

                                                                                                                                                 
accurate identification of a sample. An orthogonal measurement is the quantification of a property 
unrelated to other measurements performed. The ability to measure numerous properties of a sample 
increases the probability of accurate identification since many different samples have some properties in 
common but none have all properties in common [64]. 
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development of an integrated SAW array for the detection and quantification of OPs in 

water will require testing and characterization of the coating. 

Furthermore, for the purpose of continuous monitoring of organophosphorus 

compounds in ground and surface waters, it is necessary to select or design polymers that 

are stable in water and rapidly sorb organophosphorus compounds reversibly, without 

hysteresis. It has been established that rapid sensor responses are promoted by polymers 

with glass transition temperatures below the temperature of operation for the sensor 

[57;74;77]. Polysiloxanes are porous and exhibit low glass transition temperatures (Tg). 

However, commercially available polysiloxanes lack the strong hydrogen-bond acidic 

functional groups that are desirable for the detection of organophosphates with high 

sensitivity. 

 
 

1.7 Sensor Signal Processing 

After designing the sensor array appropriately, the response of the chemical sensor 

has to be processed for analyte identification and quantification. In general, the steady-

state (equilibrium) sensor response for chemical sensors is used as the key parameter to 

identify and quantify chemical analytes. Typically, this steady-state feature is either the 

difference measurement, the relative difference, the fractional change, and the log relative 

difference [78].  The major drawback with using the steady-state feature for identification 

and quantification is that one has to wait for the sensor response to reach equilibrium. 

This approach is especially problematic for liquid-phase sensing where the sensor 

response times are relatively long, and in some cases, are on the order of hours [60;79]. 

Clearly, waiting for the steady-state feature can make it difficult to implement real-time 
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sensing of harmful levels of contaminants present in surface and ground waters. To 

overcome this problem, a derivative technique based on the initial response has been used 

to decrease the time required for analyte classification and quantification [60;80]. The 

initial derivative correlates well with analyte concentration. However, this parameter can 

be greatly influenced by, for example, flow effects, i.e. how quickly the sensor is exposed 

to the sample [78]. Moreover, the derivative of a signal is inherently noisy and therefore 

this approach has a high probability of error in classifying and quantifying chemical 

analytes. As a result, finding a new approach to decrease the time required for analyte 

classification and quantification is needed.  

 

  

1.8 Problem Statement and Objective of Research 

The presence of pesticides in the environment continues to be of great concern to 

public health and the environment. As mentioned earlier, from the six major classes of 

pesticides, the agricultural industry has increasingly relied upon organophosphate 

pesticides (OPs) to control pests because of their perceived rapid degradation in the 

environment [10]. However, recent research shows that OPs persist in the environment 

for relatively long periods [10]; as a result, their residues have been found in ground 

waters, soil, and agricultural products. In order to ensure the quality and safety of water 

supply, early detection of contaminants including pesticides is necessary.  

Current methods for monitoring contaminants, such as OPs, include gas/liquid 

chromatography and mass spectroscopy [60].  Although these methods are very accurate, 

they often require samples to be taken to laboratories for analysis, are extremely time 
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consuming, and expensive. Moreover, vital information can be lost during sample 

collection, transportation, and storage. Therefore, there is a need to develop in-situ 

monitoring systems for rapid analysis and characterization of samples. To make these 

possible, various bio(chemical) sensor technologies including acoustic wave devices are 

being investigated to implement real-time sensing [54;60]. 

The key science and technology issues for these chemical monitoring systems 

include: sensitivity, selectivity, sensor response time, and reproducibility. It is desired 

that the sensors exhibit high sensitivity so that the detection of trace amounts of the 

chemical analyte is possible and that they possess a high degree of partial selectivity so 

that the sensors can distinguish interfering substances from target species and be 

reusable. In addition, the sensors should have short response times for rapid analyte 

identification and quantification, and high reproducibility to minimize rates of false 

alarms.  Poor selectivity and reproducibility as well as the presence of interferents, sensor 

aging, and drift due to environmental influences can all result in a low probability of 

detection and a high false alarm rate. Each one of these issues limits the current 

applicability of chemical sensors [78].  

The objective of this work is to develop a chemical sensor that will allow for rapid 

on-line monitoring of organophosphorus compounds in contaminated ground and waste 

water. The approach being used by Josse’s team at Marquette University to address this 

challenge is the development of smart sensor systems. This approach requires the 

development and modeling of novel and sensitive sensor platforms, the development of 

sensitive and selective coatings for various chemical analytes, and the development of 

new signal processing and pattern recognition techniques specifically focused on 
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chemical sensors to improve the detection time, probability of detection, and to reduce 

false alarm rates [78].  

The work in this dissertation focuses on integrating all aspects of the above 

approach with particular emphasis on the synthesis and characterization of a hybrid 

organic/inorganic chemically sensitive layer for rapid detection and analysis of 

organophosphate pesticides in aqueous solutions using SH-SAW devices. SH-SAW 

devices on 36° YX-LiTaO3 with center frequency of 103 MHz and 42.75° YX-Quartz 

(ST-90° X Quartz) with center frequency of 155 MHz are used to determine the optimum 

operating conditions for achieving rapid sensor responses with high sensitivity. This work 

involves characterizing the coating (i.e., preparation techniques, water stability, aging, 

density, and glass transition temperature), analyzing the effect of coating thickness on 

sensor response time or rate of analyte absorption, and studying the effect of solution pH 

on analyte properties in aqueous solution. The individual sensors are characterized by 

evaluating sensor properties of interest including reproducibility, sensitivity, selectivity, 

and other relevant sensor parameters, which leads to an understanding of the sensor 

response and allows one to design an optimum chemical sensor. An accurate physics-

based model of the sensor response is presented. This model takes into account added 

mass and viscoelastic changes, utilizes state space techniques, and enables nonlinear 

estimation theory (in the form of the Extended Kalman Filter (EKF)) to be used to extract 

transient information online to improve analyte recognition (i.e., selectivity) and reduce 

the time required for analyte identification and quantification.  
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1.9 Dissertation Organization 

This dissertation is comprised of six chapters. Chapter 1 reviews the history of 

pesticide usage and discusses the problems (health and environmental hazards) associated 

with their widespread use. Significant emphasis is placed on the contamination of ground 

and surface waters by pesticides. Chapter 1 also introduces chemical sensors, with a 

focus on acoustic wave-based chemical microsensor arrays and sensor signal processing, 

as tool to meet the need for online monitoring of organophosphate pesticides in water. 

The main goals of this dissertation are introduced, namely, to synthesize and investigate a 

hybrid organic/inorganic chemically sensitive layer for rapid detection and analysis of 

organophosphate pesticides in aqueous solutions using SH-SAW devices and to use 

online sensor signal processing based on nonlinear estimation theory during the detection 

process to further reduce the time required for analyte identification and quantification. In 

Chapter 2, the theory of the guided SH-SAW liquid sensor is reviewed. Perturbation 

theory in conjunction with the acoustic impedance technique is reviewed and used to 

analyze the three-layer geometry in liquid phase sensing before and after the perturbation. 

The device design and sensing principles are also presented. Chapter 3 presents the 

chemistry associated with analyte-coating interaction and describes the two types of 

absorption processes: absorption rate limited by penetration (rate limited by the surface 

resistance) and absorption rate limited by diffusion. Furthermore, the design of sensor 

coatings for organophosphate pesticides is discussed. Chapter 4 contains a brief 

description of the experimental methods including coating synthesis and characterization, 

analyte characterization, and device characterization. In addition, the experimental setup 

is illustrated and the measurement procedures are described. Results and discussion of 
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this dissertation are presented in Chapter 5. The device and analyte characterization are 

presented followed with typical sensor responses for different analytes and different 

devices. Individual sensors are compared by evaluating sensor properties of interest 

including reproducibility, sensitivity, selectivity, and sensor response time. A detailed 

analysis of the sorption kinetics of organophosphate pesticides into a hybrid 

organic/inorganic coating in aqueous solution is presented. Here, the effect of coating 

thickness on the absorption process is evaluated. A test for statistical significance is 

performed. Considering relevant contributions to the sensor response, namely mass 

loading and viscoelastic properties of coating, state-space formulation is used to model 

the sensor response. The nonlinear estimation-based sensor signal processing technique is 

introduced. How the technique can be used to obtain online estimates of the steady-state 

response and transient parameters and thus reduce the time required for analyte 

identification and quantification is demonstrated. Finally, Chapter 6 provides a synopsis 

of the results from this work followed by proposals for possible extensions of this work. 
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2 GUIDED SH-SAW DEVICE AS A LIQUID-PHASE 
SENSOR PLATFORM: A REVIEW 

 
 

2.1 Introduction  

The guided SH-SAW sensor consists of a piezoelectric crystal (LiTaO3) 

supporting a shear horizontal surface acoustic wave (SH-SAW), a polymer coating acting 

as both the waveguiding material and chemically sensitive layer, and a liquid layer for 

transporting of the analytes. In order to model and interpret the response of the sensor to 

an analyte, it is necessary to understand the characteristics of the perturbed wave. This 

requires one to examine each layer of the multilayer sensor configuration separately 

before considering the system as a whole.  

In this chapter, the theoretical analysis of the sensor platform is reviewed, with 

the aim of providing a basis for evaluating the various contributions to the sensor 

response. These contributions include mass loading and viscoelastic loading. 

Furthermore, the sensing mechanism and changes in device characteristics are related to 

physical changes is described in detail.  
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2.2 Formulation of the Sensor Problem 

For the bio(chemical) SH-SAW liquid-phase sensor, a coating/polymer (isotropic 

viscoelastic dielectric material) is deposited on the piezoelectric substrate. In biosensor 

applications, the coating acts as a waveguide and is used to bind a thin bioreceptor layer 

[45;81;82]. In chemical sensors, the coating acts as a waveguide and/or chemically 

sensitive layer. It is the piezoelectric substrate, the coating, and the liquid layer that form 

the sensor. Any perturbation (mechanical and/or electrical) at the coating surface and/or 

within the coating changes the characteristics of the propagating acoustic wave, resulting 

in sensing. The SH-SAW liquid sensor can be modeled as a multilayered structure [83]. 

The structure used in this investigation is shown in Figure 2.1. In this figure, the three-

layer structure consists of the piezoelectric substrate, a polymer layer of finite thickness, 

h, having a lower shear wave velocity than the substrate, and a liquid layer for transport 

of target species. The polymer layer acts as both the waveguide and the chemically 

sensitive layer. The guided SH-SAW is assumed to propagate in the x1 direction, x3 is 

normal to the sensing surface, and x2 is in the direction of the acoustic wave particle 

displacement (or the aperture of the IDTs). 

 The next step is to review the solutions for the acoustic field and electric field, in 

each layer using the acoustic wave equations, Maxwell’s equations (under the quasistatic 

approximation [84;85]), and the appropriate boundary conditions at each interface. The 

following assumptions are made in finding the solutions [86]: 

1. The liquid layer is assumed to be a Newtonian fluid because the solutions under 

test are very dilute aqueous solutions i.e., in the range of low mg/L (ppm) to µg/L 

(ppb). 
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2. The liquid layer and substrate are assumed semi-infinite media (thickness → ∞). 

3. The polymer has a finite thickness, h. 

4. Metallization of the propagation path is assumed to eliminate acousto-electric 

interaction in the sensing region. As such, perturbation of the wave will be due 

only to mechanical loading. 

 

 

 

Figure  2.1: Multilayer structure and coordinate system. 



 

 

29 

2.3 Fundamentals of Acoustic Waves 

In general, for any piezoelectric material, the equations describing the coupled 

acoustic waves and electric fields under the quasistatic approximation are given by 

[83;87] 

jiji Tu ,=ρ   i,j = 1, 2, 3      (2.1a) 

0, =mmD  m = 1, 2, 3      (2.1b) 

where  ui = the acoustic displacement in the xi direction, 

 Tij = the acoustic stress tensor, 

 Dm = the electric displacement in the xm direction, 

 ρ = the density of the crystal, and 

 i, j, k = the spatial directions. 

In all the equations, a subscript proceeded by a comma denotes a partial derivative 

with respect to the spatial coordinates and a dot above a variable indicates the derivative 

with respect to time.  

The piezoelectric constitutive relation i.e., the stress tensor and electric 

displacement are defined by [83;86] 

nnijklijklij EeSCT −=       (2.2a) 

nmnklmklm ESeD ε+=   i, j, k, m, n = 1, 2, 3   (2.2b) 

where Cijkl = the elastic stiffness tensor for a constant electric field, 
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 enij = the piezoelectric constant tensor, 

 εmn = the dielectric permittivity tensor for constant mechanical strain, 

 Skl = the strain tensor (dimensionless), and 

 En = the electric field in the xn direction. 

It is noted that the elastic constants are symmetric i.e., Cijkl = Cjikl = Cijlk = Cjilk. The strain 

tensor, which describes the local stretching of the solid, and the electric field are related 

to the mechanical displacement and the electric potential (φ ), respectively, as [83] 

( )kllkkl uuS ,,2
1

+=        (2.3a) 

nnE ,φ−= .        (2.3b) 

Substituting Eqs. (2.3) into (2.2) and the resulting Eqs. into (2.1) yields the set of 

differential equations that govern acoustic wave propagation in a piezoelectric medium. 

These equations are known as the Christoffel wave equations and are given by [83] 

jkinijlikijkl ueuC ρφ =+ ,,       (2.4a) 

0,, =− ikmnilkmklue φε .      (2.4b) 

The above notation can be simplified using the Voigt indices (I and J) defined as [83;86] 

 ( )



≠+−
=

=
jiji
jii

I
  if      9

 if                    
        and       ( )




≠+−
=

=
lklk
lkk

J
  if        9

 if                     
. 

where i, j, k, l = 1, 2, 3 and I, J = 1, 2, …, 6.  

Therefore, Eqs. (2.4) can be rewritten as 
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nnIJIJI EeSCT −=        (2.5a) 

nmnJmJm ESeD ε−= .     (2.5b) 

In the above derivation, it is assumed that the crystallographic coordinate system 

coincides with the AW coordinate system i.e., geometric axes. If the two do not coincide, 

Euler transformation can be used to rotate the elastic, piezoelectric, and permittivity 

tensors from the crystalline axes to the geometric axes constants [84].  

In analyzing acoustic wave propagation in piezoelectric sensors, two methods 

(numerical analysis and perturbation theory) are commonly used. The next two sections 

will discuss these techniques. 

 

 

2.4 Numerical Analysis  

This method yields numerical solutions to the Christoffel wave equations. The 

wave solutions in a piezoelectric crystal are assumed to be a linear combination of the 

partials waves given by [83;84] 

( ) tjxjjkxjk
i

c
i eeeu ωγα −+= 1133 1 ,  i = 1, 2, 3   (2.6a) 

( ) tjxjjkxjkc eee ωγαφ −+= 1133 1
4      (2.6b) 

where  ui   = the acoustic particle displacement in the ith direction, 

φ  = the electric potential, 

k1, k3  = the components of the wave number k in the x1 and x3 directions,    

respectively, 
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ω  = the angular frequency (ω = vpk1, vp is the phase velocity), 

αi = the amplitudes (i = 1, 2, 3, 4), and  

γ  = the exponential decay/attenuation constant.  

Note that the superscript ‘c’ represents the piezoelectric crystal and there is no 

variation in the x2 direction because the acoustic aperture of the IDT is assumed to be 

infinite in this direction. 

Substituting the partial waves (2.6) into the Christoffel wave equations gives the 

following matrix equation [83] 

[ ][ ] 0

4

3

2

1

44434241

34333231

24232221

14131211

==





































α

α
α
α
α

A

AAAA
AAAA
AAAA
AAAA

.   (2.7) 

[A] is a symmetric matrix whose elements are a function of the density of the crystal, the 

phase velocity, the elastic constants, piezoelectric constant, and dielectric constant. The 

elements of the 3 x 3 sub-matrix in the upper left corner are associated with the elastic 

constants and intercouple the mechanical displacement; A44 is a purely elastic constant; 

and the remaining elements are associated with the piezoelectric properties of the solid 

and couple the electric potential to the mechanical displacements, i.e., α4, α1, α2, and α3 

[84]. Given that a wave exists in the piezoelectric crystal, only the nontrivial solution will 

satisfy Eq 2.7. In order to have nontrivial solutions, the determinant of [A] must go to 

zero, i.e.,  

[ ] 0det =A        (2.8) 
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Equation (2.8) yields an 8th order algebraic equation in terms of the normalized transverse 

wave number (b = k3/k1) [83] in the form  

∑
=

=
8

0
0

n

n
nbB ,       (2.9) 

where Bn is a complex function of vp, γ, and the material constants. Equation (2.9) has 

eight roots and each one corresponds to a partial wave which satisfies the equation of 

motion in the piezoelectric crystal. These roots are either purely real or complex 

conjugate pairs. For surface wave solutions, where the piezoelectric crystal is assumed to 

be semi-infinite, only the fours roots lying within the lower half of the complex plane that 

lead to partial waves that decay with depth are valid [84]. The explicit behaviour of these 

roots as a function of vp and γ is presented in detail in [83].  

The general [A] matrix in Eq. (2.7) can take several forms and this has been 

discussed in [83]. For an SH-SAW device, the matrix [A] has the form  

[ ]


















=

4442

3331

2422

1311

00
00

00
00

AA
AA

AA
AA

A . 

If  

[ ] 







=

3331

1311
1 AA

AA
A   and  [ ] 








=

4442

2422
2 AA

AA
A , 

then det [A] is given by 

[ ] [ ] [ ] 0detdetdet 21 =×= AAA . 
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In this case, there are two possible wave solutions. The first one is given by  

det [A1] = 0. This solution corresponds to an electrically decoupled AW with particle 

displacement in the x1 and x2 directions. The second solution is given by det [A2] = 0. 

This is an electrically coupled AW with the particle displacement in the shear horizontal 

(x2) direction. Hence, the final solution involves only the particle displacement (u2) and 

the electric potential (φ ) [83]. It is noted that for a multilayer sensing system, each layer 

has its own [A] matrix with appropriate material constants with the piezoelectric constant 

being set to zero for non-piezoelectric materials e.g., polymer and  liquid layers. 

Furthermore, each layer must satisfy Eq. (2.9) with appropriate boundary conditions at 

the interfaces. The boundary conditions include continuity of acoustic displacement 

across the boundary, the continuity of mechanical stresses, and the continuity of the 

electric field. 

The phase velocity is determined by searching numerically until a value is found 

that yields a system solution [88]. This method of determining the acoustic modes in a 

system is effective and very accurate. However, the major disadvantage of this technique 

is that it fails to clearly relate the effects of changing physical parameters in the system. 

Moreover, it requires that material parameters as well as subsequent changes to the 

parameters be known. Consequently, for sensing applications, it is very challenging to 

use the numerical technique to model the presence or absence of a given perturbation in 

the system. To overcome this problem, analytical approximation techniques are used. The 

two most common techniques used in applied mathematics are perturbation theory and 

the variation method [87]. In the next section, the basic principles of perturbation theory 
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are reviewed and applied to model small changes of physical parameters for the guided 

SH-SAW sensor.  

2.5 Perturbation Theory 

In the context of acoustic wave sensor problems, perturbation theory is generally 

used to calculate the effects of small parameter changes on known numerical solutions to 

the wave equations. In this method, the unperturbed system is solved first and then the 

solution is adapted for the case of the perturbed system [86]. The underlying assumption 

in the use of perturbation theory is that the changes are small. This assumption allows one 

to use an exact expression as a starting point for the derivation of the perturbed model. 

The exact perturbation expression is given by [87] 

( ) ( ){ }
( ) ( ){ }∫ ⋅Φ′+′Φ+⋅′−′⋅−

⋅Φ′+′Φ+⋅′−′⋅−−
=−′=∆

∗∗∗∗

∗∗∗∗

h
nnnnnnnn

h
nnnnnnnn

nnn
dxxDjDjTvTv

xDjDjTvTvj

0 32

03

ˆ

ˆ

ωω

ωω
βββ   (2.10) 

In the above equation, Δβ represents the change in the propagation constant, vn is the 

particle velocity in the n direction, Tn is the surface stress, Φ is the electrical potential, D 

is the electrical displacement, ω is the angular velocity, h is the crystal thickness, and β is 

the propagation constant [86]. Here, the signs ′ and * denote perturbed quantities and 

complex conjugate, respectively. However, the above equation cannot be used because 

the perturbed quantities are not available. This problem is overcome by searching for an 

approximate solution for the perturbed fields. Since the perturbation in (2.10) is assumed 

to be small, the perturbed fields in the denominator may be replaced by the unperturbed 

fields as [87] 
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( )[ ]∫ ⋅Φ+⋅−= ∗∗h
nnnn dxxDjTvP

0 32ˆRe24 ω   (2.11) 

where Pn is the average unperturbed power flow per unit width along x1. Unfortunately, 

the same simple approximation cannot be made in the numerator, because this would 

simply give ∆βn = 0 [86]. As a result, the general boundary perturbation formula is [87], 

( ) ( ){ }
n

h
nnnnnnnn

n P
xDjDjTvTvj

4
ˆ

03⋅Φ′+′Φ+⋅′−′⋅−−
=∆

∗∗∗∗ ωω
β   (2.12) 

In the present work, only the upper surface (x3 = 0) is perturbed because the SH-

SAW platform is considered as semi-infinite in the –x3 direction due to the shallow 

penetration depth of the surface acoustic mode into the bulk of the crystal. Furthermore, 

with the sensing surface electrically shorted, only mechanical perturbations are 

considered and Eq. (2.12) reduces to 

{ }( )
n

xnnnn
n P

xTvTvj
4

ˆ 03 3 =
∗∗ ⋅⋅′−′⋅−−

=∆β .   (2.13) 

In order to use Eq. (2.13), it is necessary to relate the surface stress (T) to the 

surface acoustic impedance (Z). This relation is given by [86] 

003
33

ˆ
==

⋅=⋅−
xx

vZxT   (Unperturbed case)   (2.14a) 

and   
003

33
ˆ

==
′⋅′=⋅′−

xx
vZxT   (Perturbed case).  (2.14b) 

Taking the complex conjugate of both sides of Eq. (2.14a) gives 

003
33

ˆ
=

∗∗

=

∗ ⋅=⋅−
xx

vZxT .     (2.15) 
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In the above equations, 3x̂ is the unit vector in the direction x3. If the amplitude of the 

particle velocity (v) field at the surface is assumed to be unchanged by surface 

perturbations, i.e.,  

00 33 ==
=′

xx
vv ,       (2.16) 

then substituting Eqs. (2.14) to (2.16) into Eq. (2.13), the normalized perturbation 

equation is given by  

( )
P

vZvvZvjV
k ω
β

4

∗∗∗ ⋅⋅+⋅′⋅
−=

∆
.   (2.17) 

For the SH-SAW, the particle motion is horizontal and perpendicular to the 

direction of propagation and hence the particle displacement amplitude is given by [89] 

1),(),,,( 2321
xtjetxutxxxu βω −= ,    (2.18) 

where β is a complex propagation factor representing both attenuation, α, and wave 

number, k, as 

αωαβ j
V

jk −=−= .     (2.19) 

If frequency is held constant, then variation in the wave propagation constant is given by 

k
j

V
V

k
αβ ∆

−
∆

−=
∆

.     (2.20) 

From Eq. (2.20), it is clear that the fractional phase velocity, ∆V/V, and the normalized 

attenuation, ∆α/k, are orthogonal components of change in the complex propagation 
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factor, β, caused by a surface perturbation. Using (2.17) and (2.20), the fractional change 

in the wave velocity and normalized attenuation is given by 

( )


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
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
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 (2.21a) 

and    
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, (2.21b) 

respectively. 

 
   

2.6 Analysis of the Three Layer Sensor System 

In Eq. (2.21a), it is seen that the changes in the phase velocity and attenuation of 

the propagating SH-SAW wave are dictated by the changes in surface acoustic 

impedance. In order to relate the changes in the surface acoustic impedance to the 

changes in the phase velocity and attenuation, it is necessary to analyze the geometry 

before and after perturbation. There are three possible cases and this has been discussed 

in [86]. In this work, the configuration before and after perturbation is the coated device 

in contact with the liquid (see Figure 2.2) without and with the analyte, respectively. It is 

assumed that because the analyte solutions are dilute, the mechanical properties of the 

liquid are unchanged and only the viscoelastic properties of the film (G′, G′′) are changed 

upon analyte absorption. 
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Figure  2.2:Three-layer geometry configuration used in the simulation of viscoelastic effect: (a) before 
(b) after perturbation [86]. 
 
 
 

 
Acoustic impedance before perturbation 

The surface wave is assumed to be a plane wave, thus differentiation with respect 

to x2 is zero. Using the equation of motion, the continuity equation is obtained as [86] 

if

f
i

f
i v

x
T

x
T

ρ=
∂
∂

+
∂
∂

3

3

1

3   i = 1, 2, 3    (2.22) 

where Tij is the stress tensor and it represents the force per unit area in the i-direction in 

the plane normal to the j-direction; ρf  is the mass density of the film. The superscript “f” 

denotes the film. The propagation of the surface wave causes periodic displacement fields 

to be imposed on the lower film surface [90]. This surface displacement induces a strain. 

For an acoustically thin film, the displacement gradients are in-plane whereas for an 

acoustically thick film, both in-plane and cross-film (caused by the inertial lag of the 

upper film portion of the film with respect to the “driven” lower film surface) 

displacement gradients, with cross-film gradients dominating [90]. The in-plane 

displacement gradients in the film are given by [86] 



 

 

40 

1
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i ∂
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=       (2.23) 

and the cross-film gradients are given by 

3
3 x

uMT
f

ii
f

f
i ∂

∂
= .      (2.24) 

i
fE and i

fM  are given by [86] 
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GMM ff == 21       (2.25d) 

and    KM f =3 .       (2.25e) 

i
fM is the generalized modulus of the film layer associated with the ith displacement 

component and i
fE is the Young’s modulus for the film layer generated ith displacement 

component. G and K are the shear modulus and bulk modulus of the film, respectively. 

Substituting equations (2.23), (2.24) and the harmonic solution ( ) ( )1
3ˆ xtj

ii exuu βω −=


 into 
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(2.22) yields a homogenous ordinary differential equation for the displacement profile 

ui(x3) in the film: 

02
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2

=+ f
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f
i u

dx
ud β       (2.26) 
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βi is the complex propagation factor ,associated with the displacement ui (i = 1, 2, 3), that 

describes wave propagating across the film. The solution to (2.26) is given by 

( ) 33
3

xj
i

xj
i

f
i

ii eBeAxu ββ −+= ,  hx ≤≤ 30    (2.28) 

where h is the film thickness  and Ai and Bi are constants determined using boundary 

conditions. 

In general, motion in a viscous liquid is described by the Navier-Stokes equations. 

However, in the present study, the amount of liquid at an instant of time in the flow cell is 

small and the flow rate is low. Therefore, the liquid is considered to be an isotropic non-

piezoelectric material. The wave equation and stress are thus sought as an analogy to a 

solid [86]. The liquid layer is considered as semi-infinite layer, and the wave equation in 

the liquid layer can be expressed as [86]  

( ) ( )hx
i

l
i

ceCxu −−= 3
3

β , ∞≤≤ 3xh    (2.29) 

where  
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The stress is given by 
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where i
lM is the generalized modulus of the liquid layer associated with the ith 

displacement component, i
lE is the Young’s modulus for the film layer generated ith 

displacement component, δl is the decay length in the liquid, ηl is the viscosity of the 

liquid, ρl is the mass density of the liquid, βc is the complex shear wave propagating 

constant across the liquid, and Ci is a constant determined using the boundary conditions. 

In the liquid, lll GMM == 21  and ll KM =3 . 

The boundary conditions are the continuity of the particle displacement and stress 

at the polymer/substrate interface x3 = 0 and the polymer/liquid interface x3 = h, i.e.,  

( ) 00 i
f

i uu =         (2.31a) 

( ) ( )huhu l
i

f
i =       (2.31b) 

( ) ( )hThT l
i

f
i 33 =       (2.31c) 

where ui0 is the particle displacement of the substrate at the polymer/substrate interface. 

Substituting the wave displacement in Eqs. (2.28) and (2.29) and the stress relations 

(2.24) and (2.30) into the boundary conditions (2.31), three equations with three 

unknowns (Ai, Bi, and Ci) are obtained as 
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Figure  3.7: Polymerization reaction for the synthesis of BPA-HMTS. 
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Figure  4.9: Schematic of the experimental setup used for sensor measurements.  The system collects data via the GPIB bus.  
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Figure  4.10: Experimental setup used for sensor measurements. 
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4.8 Measurement Procedures 

 
 

4.8.1 Device Preparation and Characterization 

Guided SH-SAW devices on LiTaO3 are used as the primary sensor platform for 

the implementation of high-sensitivity chemical detectors for OPs in liquid environments. 

This substrate has both a high piezoelectric coupling constant and a high dielectric 

constant of ε = 47. The high piezoelectric coupling coefficient allows for the 

implementation of low-loss acoustic devices, and the high dielectric constant helps 

confine a sufficient portion of the electric fields generated by the IDTs to the substrate, 

even in direct contact with aqueous solutions ( ε = 75) [51]. 

The device is fabricated on a 36º – rotated Y-cut X-propagation Lithium Tantalate 

(36º YX-LiTaO3) piezoelectric substrate [79;115]. The device has twenty-eight 10/80 nm 

thick Cr/Au split finger pairs interdigital transducers (IDTs) having a periodicity of 40 

µm. This periodicity corresponds to an operating frequency of approximately 103 MHz 

for the uncoated devices [45]. A dual delay line configuration with a delay time of ~ 2.15 

μs is used. This configuration allows for one line to be used as a reference line and the 

other as the sensing line in order to reduce the effect of noise variables such as 

temperature variation and pressure interaction. In designing the devices, a metallized 

delay path (a thin Cr/Au (10/80 nm)) is used between the input and output IDTs to 

eliminate the acoustoelectric interactions between the IDTs [45;51]. This interaction, if 

not eliminated, will make it impossible to obtain reproducible results because of minor 

variations in ionic concentration of solutions in experiments [86]. Gold is chosen for the 
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Figure  5.23: Estimated output obtained using an extended Kalman filter for the detection of (a) 2.0 
mg/L (ppm) parathion-methyl and (b) 3.5 mg/L (ppm) paraoxon using 0.5 µm-thick BPA-HMTS on 
LiTaO3 SH-SAW device. On-line predictions were done using the first 10 and 15 minutes of 
measured data. Absorption time (τs) and point of detection decision are shown. 
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Figure  5.24: Sensor responses with similar steady-state values, but different absorption times. 
Increased selectivity is achieved using this difference in the absorption time (paraoxon (τ1 = 10 min) 
and parathion (τ2 = 20 min)). 
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6 SUMMARY, CONCLUSION, AND FUTURE 
WORK 

 
 

6.1 Summary 

The objective of this work was to develop a chemical sensor to allow for rapid on-

line monitoring of organophosphate pesticides (OPs) in contaminated ground and waste 

water. In order to solve this problem, it is first necessary to develop and identify 

functionalized polymers for rapid and reversible analyte absorption of OPs with high 

sensitivity and improved selectivity. To this end, a hybrid organic/inorganic coating, 

BPA-HMTS, was synthesized and investigated for direct detection and analysis of OPs in 

aqueous solutions using guided SH-SAW devices.  This investigation involved 

characterizing the coating (i.e., preparation techniques, water stability, aging, density, and 

glass transition temperature), analyzing the effect of coating thickness on sensor response 

time/rate of analyte absorption, and studying the effect of solution pH on analyte 

properties in aqueous solutions. Two possible types of analyte absorption processes were 

discussed, namely, absorption rate limited by penetration and absorption rate limited by 

diffusion. It was shown that under certain conditions, each absorption process can be 

described by a first-order differential equation. Furthermore, the viscoelastic properties of 

coating (polymeric) materials, the chemistry of organophosphate pesticides, and the 

rationale of the design of sensitive layers for detection of OPs in water were presented. 

Experiments were performed to determine the suitability of bisphenol A-

hexamethyltrisiloxane (dubbed BPA-HMTS) as the sensing and wave guiding layer for 

the detection of OPs in aqueous environments. The choice of the polymer layer is 



 

 

146 

important since it affects the key sensor performance criteria including sensitivity, 

selectivity, and response time. SH-SAW devices on 36° YX-LiTaO3 with center 

frequency of 103 MHz and on 42.75° YX-Quartz (ST-90° X Quartz) with center 

frequency of 155 MHz were used in this work with the goal to determine the optimum 

operating conditions for rapid sensor response with high sensitivity. The devices were 

first prepared and then characterized using a vector network analyzer to determine the 

properties of the bare device. The devices were then spin-coated with BPA-HMTS and 

exposed to varying concentrations of target analytes (parathion-methyl, parathion, and 

paraoxon). The individual sensors were characterized by evaluating sensor properties of 

interest including reproducibility, sensitivity, selectivity, response time, and other 

relevant sensor parameters. These characterizations led to an understanding of the sensor 

response.  

After characterizing the sensors, it was necessary to identify features that make it 

possible to deploy these sensors in the field. The two issues that are currently limiting the 

applicability of chemical sensors are sensor response time and array selectivity. 

Typically, only the steady-state response is used to identify and quantify analytes. In this 

work, novel sensor signal processing techniques based on nonlinear estimation theory 

were proposed and validated on experimental data. This required an accurate physics-

based model of the sensor response to be developed. This model took into account added 

mass and viscoelastic changes, utilized state space techniques, and enabled nonlinear 

estimation theory (in the form of the Extended Kalman Filter (EKF) ) to be used to 

extract transient information online to improve analyte recognition (i.e. selectivity) and 

reduce the time required for analyte identification and quantification. The EKF was 
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capable of accurately estimating the steady-state response in less than 40% of the time 

required for the sensor response to reach its steady-state.  

 

6.2 Conclusion 

A partially selective, water-stable, hybrid coating (BPA-HMTS) has been 

synthesized and characterized for rapid absorption of OPs. With this coating, under the 

same experimental conditions i.e., thickness, a 60% reduction in the sensor response time 

has been achieved over PECH without loss in sensitivity. Typically, in chemical sensor 

application it is desired that the coating have a low glass transition temperature i.e., the 

coating should be rubbery at or near the operating temperature to promote rapid analyte 

absorption. However, the results of this study indicate that this is not a sufficient 

condition for rapid analyte absorption. Rather, the porosity of the coating appears to be 

the key coating feature for rapid analyte absorption. The faster absorption exhibited by 

BPA-HMTS is rather due to the porosity of the siloxane (HMTS) backbone while the 

BPA provides the chemical sensitivity of the coating.  

Kinetic studies of parathion absorption from aqueous solution into the BPA-HMTS 

coating show that the absorption process is rate limited by penetration. The mass transfer 

coefficient for parathion/BPA-HMTS is extracted to be 2.1 x 10-8 cm/s. It is expected that 

a similar study on the effect of film thickness on the absorption of parathion-methyl and 

paraoxon from aqueous solutions will also show that surface penetration is the rate 

limiting step for it absorption because of its structural similarity to parathion. For an 

absorption process that is penetration limited, the porosity of the coating affects the 

surface area-to-volume ratio. This in turn affects the absorption time.  It is seen that even 



 

 

148 

though paraoxon is only 3.8% smaller (by volume) than parathion, its absorption time 

constant (~ 10.5 ± 2.1 minutes) is at least 50% faster than parathion (~ 32.5 ± 1.6 

minutes). On the other hand, parathion-methyl, which is 9.5% smaller than paraoxon, 

exhibited about the same absorption time (~ 8.3 ± 0.5 minutes) as paraoxon. This 

transient information can be used to improve analyte recognition (between 

parathion/paraoxon and parathion/parathion-methyl). A possible explanation for this 

difference in absorption time may be given by the degree of softening/plasticization and 

the associated time required for polymer relaxation. Within the Henry’s law region, it is 

seen that the absorption time is independent of concentration.  

The coating exhibited different sensitivity levels towards the analytes. In fact, with 

respect to paraoxon, BPA-HMTS exhibited about twice and 10 times higher sensitivity 

towards parathion-methyl and parathion, respectively, even though the analytes have 

identical molar masses. This suggests that the coating has different partition coefficients 

for the analytes. An analysis of the solubility of the analytes in water indicates that the 

least soluble analyte, in this case parathion, will prefer to be in the coating. As a result, 

the amount of parathion absorbed by the coating is large in comparison to parathion-

methyl and paraoxon. This results in greater plasticization leading to larger viscoelastic 

contribution to the frequency shift. This argument is supported by the larger change in 

loss observed for parathion. With the present non-optimized chemical sensor, a limit of 

detection of 60 μg/L (ppb), 20 μg/L (ppb) and 100 μg/L (ppb) is estimated for parathion-

methyl, parathion, and paraoxon, respectively, when using a 0.5 μm-thick BPA-HMTS 

sensing layer. Concentrations as low as 500 μg/L (ppb) parathion have been measured. 
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This concentration is significantly much lower than the typical concentrations found on 

agricultural produce (≥ 10 ppm).  

To meet the need for rapid detection in liquid with high sensitivity and selectivity, 

the EKF was employed for on-line analysis of the sensor data during the detection 

process. To achieve the above, the sensor response was first represented by a state-space 

model. The model included all relevant contributions to the sensor response. Using on-

line sensor signal processing allowed for a further reduction (at least 40%) in the time 

required for analyte identification and quantification, thus partially satisfying one of the 

design requirements for rapid chemical sensors. Furthermore, the technique can be used 

to extract the absorption time constant, allowing for class-based analyte classification. 

Nevertheless, a need still exits to continue to develop appropriate coatings that will 

reversibly and rapidly absorb OPs at room temperature with high selectivity so that the 

full capabilities of the EKF technique can be realized.  

The investigated device that appears to be the best candidate for developing a 

chemical sensor for direct sensing in water is the 36° rotated Y-cut on LiTaO3. This is an 

isolated orientation of the rotated Y-cuts that supports an SH-SAW wave. However, any 

slight deviation from this orientation, results in significant bulk wave generation. Because 

LiTaO3 has a relatively high permittivity constant, both a coated IDT and coated 

propagation path on this device can be easily electrically isolated from the liquid. As a 

result, the coated IDT and the propagating wave do not experience any major electrical 

perturbation which could result in a distortion of the device response.  For the present 

measurements, the root-mean-square noise level is 0.04 kHz; four times lower than the 

measurements done with devices fabricated on 42.75° rotated Y-cut in quartz. In terms of 
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sensitivity, limit of detection, and sensor response time, the 0.5 μm-thick BPA-HMTS on 

36° YX-LiTaO3 is the best sensor for direct sensing of OPs in the present work. 

 

6.3 Future Work 

The present work points to the need for more theoretical and experimental work. 

This work includes, but is not limited to, improvement in the coating performance (for 

higher sensitivity, improved selectivity, faster sensor response time, etc.), ruggedness 

characterization, coating array design, design and fabrication of higher frequency 

devices, investigation of new SH-SAW materials and orientations for sensor applications, 

and field testing of the chemical sensors. This section will discuss a few possible future 

research proposals.  

1. Improving chemical sensitivity of the polymer coating 

A un-fluorinated phenol structure (BPA) was used in the synthesis of the hybrid 

organic/inorganic acidic coating BPA-HMTS. This was due in part to the availability of 

2,2’-diallylbisphenol A (BPA) commercially. However, there are other coatings with 

hydrogen bond acidity that may be used as the organic part of the hybrid coating.  In 

designing coatings for hydrogen-bond basic analytes, a coating which provides maximum 

hydrogen-bond acidity, (b), with the minimum hydrogen-bond basicity, (a), or minimum 

dipolarity, (s), is desired. These features are characterised by the ratios b/a or b/s. From 

Table 6-1, it is seen that BPA is not the optimum hydrogen-bond acid coating. However, 

with this coating, concentrations as low as 500 μg/L of parathion have been measured in 
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water. Therefore, it is hypothesized that functionalizing HMTS with any of the two 

coatings described below will lead to increased sensitivity.   

 

Table  6-1: Comparison of linear solvation energy relationship (LSER) coefficients for potential 
hydrogen-bond acidic coating in the gas phase [71]. It should be noted that although these 
coefficients will be different in water, it is hypothesized that the relative relationships presented here 
for gas will be the same for water. Thus, these values serve as a guide for understanding the nature of 
the analyte/coating interaction. 
 

 c r s a b l b/a b/s 

BPA -2.00 -0.92 2.24 2.79 2.41 0.975 0.86 1.08 

Fluorinated BPA -0.58 -0.48 1.04 0.89 4.56 0.863 5.12 4.38 

2,2-Bis(4-hydroxy-3-

propylphenyl)hexafluoropropane 

-1.21 -0.38 1.38 0.71 5.31 0.984 7.48 3.85 

 

 

2. Designing higher frequency guided SH-SAW devices  

High frequency implies that the acoustic energy is trapped closer to the sensing 

surface, which makes the device more sensitive to mechanical perturbations. 

Moreover, only a thinner coating (smaller h) is then needed for further energy 

trapping. For a given crystal orientation that supports an SH-SAW wave, high 

frequency devices can be achieved by reducing the operating wavelength (λ), since λ 

= wave velocity/f. It is important to note that a high frequency shift is not a sufficient 

requirement to achieve low limit of detection since the sensor resolution also depends 

on the noise level. 
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3. Improving chemical selectivity of the polymer coating 

For a given sensor platform, the chemically sensitive layer is arguably the most 

important component of the sensor platform. The BPA-HMTS coating used in this work 

is partially selective. Although improvement in selectivity is possible through the use of 

the transient information, for the analytes (parathion-methyl and paraoxon) which have 

similar transient behaviour, this is more challenging. However, if a molecularly imprinted 

polymer (MIP) that can be spin-coated on the device is developed, highly selective 

sensors will be possible. MIPs are of interests because they allow one to synthesize 

polymers with predetermined selectivity. Furthermore, they are reusable and unlike 

antibodies, are stable and have short preparation times. During the synthesis, the target or 

“print” molecule is present. After synthesis, the print molecule is removed to create a 

polymer that can be used as a selective binding medium for the print molecule. The 

challenge with this approach is the deposition of the MIP on the sensor platform so that 

there is good adhesion.  

Combining proposals (1), (2), and (3) will enable the development of very 

sensitive and highly selective chemical sensors for organophosphate pesticides because 

the coating can be deposited on the sensor platform with the highest device sensitivity 

and lowest noise level.    

4. Extraction of storage and loss moduli of the polymer coating 

Sensor responses of the guided SH-SAW is the result of added mass and 

viscoelastic changes in the polymer. A comparison of the molar mass and frequency shift 

for the analytes studies in this work indicates that changes in the viscoelastic properties, 

shear storage and loss moduli, G′ and Gʺ , of the coating contribute significantly to the 
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sensor’s response. Therefore, it is important to model and characterize the coating’s 

viscoelastic properties during detection in liquid. This will require the S21 transmission 

response to be measured as a function of analyte concentration. The viscoelastic 

constants can then be extracted using the matrix method. Alternatively, a thickness shear 

mode (TSM) resonator and the Butteworth-Van dyke equivalent circuit model may be 

used.   

5. Detection in binary and complex mixtures 

In a field deployed sensor, detection and quantification of a particular 

organophosphate will be done, most likely, in the presence of other organophosphates 

and interferents. Therefore, it is necessary to conduct characterization studies for binary 

and complex mixtures of organophosphate. This will allow for models for competitive 

absorption to be developed and sensor signal/data processing techniques demonstrated in 

this work to be extended to the case of complex mixtures. 

6. Designing hybrid sensor array 

While polymer-coated SH-SAW chemical sensors have been shown to be very 

sensitive platform for direct sensing in water, no single sensor can identify all analytes. It 

is possible to build a sensor array using a single sensor platform but different coatings on 

the device to exploit particular physical interaction and applying pattern recognition 

algorithms to distinguish between analytes. The problem with this approach is that the 

data are correlated because the sensor platforms use the same transduction mechanism. 

As a result, the dimension of the feature space is increased without contributing 

significant additional information. However, it is hypothesized that the use of hybrid 

sensor arrays consisting of several different sensor technologies including MEMS 
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technology, acoustic wave technology, and optical technology will drastically improve 

analyte identification, quantification, and reduce the number of false alarm because the 

measurements will be truly orthogonal i.e., the data will be less correlated because each 

sensor platform is based on a different transduction principle. Designing a hybrid sensor 

array would make it possible to design experiments in order to test new applications for 

sensor arrays, test new signal processing techniques, new pattern recognition techniques, 

and new feature selection/extraction techniques.  

7. Determine temperature characteristics for BPA-HMTS coated device  

The temperature coefficient for the uncoated 36° YX-LiTaO3 device is 32 ppm. 

However, the temperature characteristics of the BPA-HMTS coated 36° YX-LiTaO3 

device have not been determined. Performing this study may allow one to design the 

sensor so that it exhibits a zero or near-zero temperature coefficient of delay (TCD) as a 

function of coating thickness, or simply allow one to easily predict and correct for 

temperature variations.  

8. Differentiate between mass loading and viscoelastic loading  contributions to 

sensor response  

The shear modulus for a given polymer is a function of frequency. However, mass 

loading as a result of analyte absorption is not a function of frequency. Therefore, 

designing and using multi-frequency devices may allow one to differentiate between 

added mass and viscoelastic changes to the sensor response. 
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APPENDIX A: DSC TRACE FOR BPA-HMTS 
 

The glass transition temperature, Tg, for BPA-HMTS is reported as the inflection 

point in the DSC trace. The sample (1 mg) was heated at a rate of 5 °C/min in the 

temperature range -80 °C to 120 °C. 

 

 
 


