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ABSTRACT OF THE THESIS 

High Sensitivity MEMS Biochemical Sensor Using PMN-PT 
by 

Michael B. Frank 
Masters of Science in Bioengineering 

San Diego State University, 2009 
 

 The ability to detect trace amounts of chemical agents from the environment is a 
fundamental requirement for the next generation of miniaturized sensors.  This thesis 
investigates chemical sensing through surface mass detection using a piezoelectric material 
with a high piezoelectric coefficient, lead magnesium niobate-lead titanate (PMN-PT).  
PMN-PT microbalances are fabricated by a microelectromechanical systems (MEMS) 
process and tested for chemical sensing ability.  Comparison of a quartz crystal microbalance 
(QCM) and PMN-PT thickness shear mode (TSM) sensor shows that PMN-PT is 
approximately 17,600 times more sensitive than quartz when exposed to acetone.  A 
polymethylmethacrylate (PMMA) layer (~110 nm film thickness) is spin-coated onto the 
miniaturized PMN-PT and quartz substrates to demonstrate selectivity of the sensor for 
exposure to multiple chemical agents.  The PMMA functionalized PMN-PT is approximately 
6,800 times more sensitive than PMMA functionalized quartz during exposure to acetone.  
The PMMA functionalized PMN-PT is also exposed to varying concentrations of acetone, 
methanol, and isopropyl alcohol (IPA) using an experimental apparatus to deliver vapors 
directly to the sensor.  The miniaturized PMMA functionalized PMN-PT sensor produces a 
frequency drop between 279 and 595 kHz when exposed to varying concentration of 
chemical agents.  It is theorized that a non-labeled PMN-PT microbalance biosensor using 
carbohydrate and lectin recognition events will have a far smaller lower limit of detection 
(LLD) for E. coli bacteria than the 7.5 x 102 cells/mL recently demonstrated in a 
functionalized QCM. 
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CHAPTER 1 

INTRODUCTION 

 The need for highly sensitive miniaturized chemical sensors is evident across a wide 

range of areas.  For chemical vapor detection, one public safety application is real-time 

monitoring of volatile organic compound (VOC) gases in parts per million (ppm) 

concentrations in low-ventilated areas, such as parking garages, to prevent the accumulation 

and accidental ignition of flammable vapors [1].  An industry application is detection of 

VOC gas buildup at chemical processing plants and within sealed clean rooms of 

microelectromechanical systems (MEMS) fabrication facilities in order to protect workers 

within these harsh environments from toxic exposure [2].  A medical application is use of an 

“electronic nose” sensor which detects VOC biomarkers in breath samples to identify lung 

cancer in at-risk patients [3].  Additional vapor sensor applications extend to detecting 

chemical warfare agents [4], maintaining fuel efficiency standards [5], monitoring carbon 

monoxide levels [6] and many others.   

 Additionally, highly sensitive miniaturized biosensors for biomolecule detection in 

fluids cover an equally diverse range of applications.  A “chemical nose” with a miniaturized 

sensor array represents a medical application to detect elevated protein biomarkers in blood 

for oncology diagnostic purposes [7].  A food safety application is detection of waterborne 

pathogens, such as E. coli O157:H7 and Salmonella, at infectious quantities as small as 10-

100 cells in fresh produce and other foods prepared uncooked [8].  A public health 

application is input of a blood sample into a disposable lab-on-a-chip platform to evaluate 

single nucleotide polymorphisms (SNPs) via DNA hybridization with an array of target 

probes [9]. This method combines a biomolecule sensor with various automated fluid 

filtration and delivery schemes to provide an efficient diagnostic tool for personalized and 

preventative medicine.   

 In general, key sensor parameters include miniaturized size, high sensitivity, and 

selective functionality for detection of chemical vapors or biomolecules in fluid. Each of 

these factors deserves significant consideration in order to maximize the efficiency of a next 
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generation thickness shear mode (TSM) sensor.  Implementation of these sensor 

specifications is one of many steps necessary to create remote or handheld TSM sensors able 

to detect minute amounts of chemical vapors and biomolecules.  Other important factors 

include development of effective environmental sampling techniques and sufficiently robust 

packaging for the sensor.   

 The two kinds of piezoelectric materials compared in this study are AT-cut α-quartz 

and single crystal lead magnesium niobate-lead titanate (PMN-PT).  Compared with quartz, 

PMN-PT has advantageous piezoelectric properties which account for the demonstrated high 

sensitivity of PMN-PT sensors during gravimetric analysis of trace amounts of chemical 

agent vapors and biomolecules in solution.  PMN-PT has an electromechanical coupling 

factor three to four times that of quartz [10], so it stands to reason that a PMN-PT sensor 

would be able to detect smaller quantities of bound or adsorbed substances than a 

commercial quartz crystal microbalance (QCM).  The increased sensitivity of a PMN-PT 

sensor compared to a QCM sensor for detecting VOC vapors will be demonstrated in this 

study. 

There are a number of different ways to functionalize a TSM sensor, including use of 

thin layer polymers, DNA probe targets, or a self-assembled monolayer (SAM) of cell 

membrane binding carbohydrates [11].  Some polymers, such as polymethylmethacrylate 

(PMMA), have microfibers which swell in response to adsorption of a variety of chemical 

agent vapors [12-14].  PMMA can be applied via solution casting, layer-by-layer assembly, 

or spin-coating.  The spin-coating process, in particular, is desirable because the thickness of 

the PMMA layer can be controlled based upon the concentration of the dissolved PMMA 

solution and the revolutions per minute (RPM) spinning speed once it has been applied.  This 

research focuses on chemical agent vapor detection of a PMN-PT TSM sensor functionalized 

with a thin PMMA layer.  The microbalance structure for the TSM sensor is efficient in 

converting the mechanical strain induced by the mass change of adsorbed chemical agents 

into a voltage which is then converted into a frequency output. 

This study will investigate current TSM sensors consisting of quartz, PMN-PT and a 

variety of other piezoelectric materials, as well as techniques to functionalize them and 

establish specific sensitivity for chemical vapors.  The physics of TSM sensors and 

piezoelectric materials will be reviewed.  A PMN-PT microbalance will be fabricated, tested, 
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and analyzed, including an investigation into the addition of a functional PMMA layer and its 

effect on sensitivity and selectivity.  The objectives of this research are to determine: (i) 

detection sensitivities for a PMN-PT TSM sensor compared to a QCM TSM sensor, (ii) a 

method to functionalize TSM sensors with PMMA polymer, and (iii) PMMA functionalized 

PMN-PT sensitivity to acetone, methanol, and IPA vapors at varying concentrations.   

The thesis is organized as follows: Chapter 1 covers the introduction; Chapter 2 

provides a brief literature survey review of chemical sensors and biosensors; Chapter 3 

summarizes the theory of TSM sensors; Chapter 4 reviews the PMN-PT fabrication and the 

experimental materials used in this study; Chapter 5 describes the experimental procedure 

including PMMA functionalization; Chapter 6 focuses on the results and discussion; Chapter 

7 gives the final conclusion of the thesis; and the Appendix details a survey undertaken as 

part of this study to establish supporting data for the necessity of biochemical detection for 

food-borne pathogens by fresh produce growers and supermarkets within the United States 

and Canada.  
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CHAPTER 2 

LITERATURE REVIEW 

This chapter summarizes current research on functionalized chemical sensors, 

biosensors, and advanced piezoelectric materials. 

2.1 FUNCTIONALIZED CHEMICAL SENSORS 

The relatively short history of functionalized chemical sensors dates back to 1964 

when King first reported on a bulk acoustic wave (BAW) device used as a selective 

analytical sensor.  The research consisted of the BAW device functionalized with typical 

stationary phase materials and incorporated as a detector into a gas-liquid chromatographic 

setup [15].  Since then, functionalized chemical sensors have been developed for detection of 

gases such as NH3, SO2, and CO2, among many others.  Recent literature provides numerous 

studies on selectivity properties for various types of detection element layers.  These specific 

properties are carefully considered when designing applications to functionalize miniaturized 

chemical sensors.  

As mentioned earlier in Chapter 1, polymethylmethacrylate (PMMA) is a partially 

selective polymer which swells in response to a variety of chemical agent vapors [12-14].  

Likewise, PMMA film composites have been functionalized for detection of a variety of 

gases through measurement of changes in conductivity, resistance, adsorption, and optical 

properties [16-19].  Abraham et al. found that change in resistance response of a surface 

modified multiwalled carbon nanotube (f-CNT)/PMMA composite film to solvents like 

dichloromethane, chloroform, and acetone was high due to the predominant mechanism of 

PMMA matrix swelling in response to the solvent vapors [20].  The adsorption of the solvent 

vapor molecules to the functionalized composite PMMA surface was due both to the polar 

nature of the surface as well as that of the solvent molecule.  The interaction between polarity 

of solvent molecules with a functional PMMA layer is explored in further detail as a 

fundamental component of this thesis research. 
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Volatile organic compounds (VOCs) are organic chemical compounds with high 

vapor pressures which can easily vaporize and participate in volatile photoreactions.  A 

quartz crystal microbalance (QCM) sensor functionalized with PMMA for VOC vapor 

detection was shown to obtain a sensitivity factor as high as 1.47 Hz ppm-1 for indirect 

exposure to phenol vapors [21] and a frequency change of 15 Hz for exposure to ~50,000 

ppm acetone [22].  Capan et al. have also demonstrated a reversible response to chloroform 

and benzene vapors from a QCM functionalized with a thin film of PMMA [23-24].   

Humidity, temperature, and water uptake measurements have all been conducted 

using a QCM functionalized with PMMA.  W.-L. Chen et al. demonstrated reversible 

swelling in response to humidity [25], while Kwon et al. measured water vapor concentration 

through a PMMA film hygroscopic layer [26].  The contact angle of pure distilled water with 

the surface of a PMMA functionalized layer and the gold electrode surface of a QCM were 

compared in the Kwon et al. study.  The PMMA film had a lower contact angle of 67º than 

the gold electrode surface contact angle of 101.2º.  This increase in hygroscopicity of the 

PMMA compared to the non-modified gold electrode of the quartz crystal could be one 

mechanism which explains an increase in sensitivity of the PMMA functionalized QCM 

sensor. 

  Further analysis of PMMA viscoelastic and structural properties has been conducted 

through applying the polymer directly onto a QCM in a number of studies.  Morray et al. 

studied the effects of temperature variations and changes in shear moduli induced by water 

uptake through the determination of PMMA viscoelastic film properties [27].  

Characterization of ultrathin polymer films through stepwise physical adsorption of PMMA 

onto a QCM sensor was demonstrated by Serizawa et al. [28].  Meanwhile, Matsuno et al. 

showed that PMMA is also a suitable material for immobilization of enzymes on the film 

surface of a QCM [29].  A PMMA stereocomplex composed of two kinds of stereoregular 

PMMA chains was assembled and ultrathin complex films with regular nanostructures at the 

molecular level were fabricated.  Greater amounts of proteins were adsorbed onto the 

stereocomplex film surface than onto conventionally prepared spin-coated homogeneous 

films composed of a single PMMA component.  Thus, protein adsorption properties were 

shown to be strongly dependent on the surface assembly structures of polymer films such as 

PMMA. 
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Besides PMMA, QCMs have been functionalized for a variety of detection purposes 

with other polymers, composites, and inorganic films.  Z.-K. Chen et al. demonstrated a 

QCM functionalized with 12 Langmuir-Blodgett (LB) multilayers of poly(o-anisidine) mixed 

with stearic acid for detection of organic vapors such as formic acid, acetic acid, propionic 

acid, and butyric acid; the highest frequency shift being more than 1000 Hz when exposed to 

15,000 ppm of the highest molecular weight fatty acid of the group, butyric acid [30].  Penza 

et al. also used the LB technique to deposit both cadmium arachidate (CdA) buffer multilayer 

and single-walled carbon nanotube (SWCNT) layer systems onto a QCM and observed a 

frequency shift of more than 200 Hz with isopropanol at a vapor pressure of 30.9 mm Hg 

[31].  Through the use of inorganic films of SiO2, TiO2, and Al2O3 sol-gel coated onto a 

QCM, Sugimoto et al. produced frequency shifts for exposure to approximately 50 ppm 

dichloromethane, carbon tetrachloride, and toluene; the highest frequency shift being 17 Hz 

in the presence of toluene [32].  And finally, Mirmohseni et al. fabricated a polystyrene 

functionalized QCM sensitive for benzene, toluene, ethylbenzene, and xylene (BTEX 

compounds); the highest frequency shift being more than 100 Hz when the functionalized 

QCM was exposed to 27.0 mg l-1 of xylene [33].   

2.2 FUNCTIONALIZED BIOSENSORS 

An equally promising research development is the functionalization of miniaturized 

sensors with biomolecules for the detection of pathogenic bacteria.  Numerous studies have 

demonstrated high levels of sensitivity for QCMs functionalized with immobilized 

antibodies, self-assembled monolayers (SAMs), and carbohydrate-lectin interactions.  The 

lower limit of detection (LLD) represents the lowest concentration of chemical or 

biomoelcule analyte molecules which can be detected by a functionalized sensor.  Carter et 

al. demonstrated a LLD of 105 cells/ml of Vibrio cholerae O139 serotype using immobilized 

antibodies coated on the gold electrode of a QCM [34].  Bao et al. functionalized a QCM 

with a thin culture medium film for a LLD of 100 Staphylococcus epidermidis cells/ml [35].  

These studies and others offer promising methods for functionalizing biosensors to detect 

bacteria responsible for widespread epidemics. 
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The prevalence of E. coli O157:H7 and other virulent strains in recent food outbreaks 

have lead to numerous studies designed for detection of these pathogenic bacteria.  Su et al. 

compared surface plasmon resonance (SPR) and QCM immunosensors through use of bound 

antibodies and determined a LLD of 100,000 E. coli O157:H7 cells/ml for a functionalized 

QCM [36].  Spangler et al. functionalized a QCM with a monolayer plus a functional 

hydrazide to link active antibody against E. coli O157:H7 and found a 10,000 cells/ml LLD 

[37].  Additionally, a QCM with antibodies for E. coli O157:H7 immobilized onto a self-

assembled monolayer (SAM) was used to determine a LLD of 200 E. coli O157:H7 cells/ml 

[38].  For the previously cited study, Wang et al. used a detection cell composed of three 

round Teflon pieces which housed a QCM immunosensor while a seal was created through 

two O-rings pressed together by screws which tightened the bottom and center pieces 

together.  An electrode on one side of the QCM was kept in the gas phase with lower 

damping than the other functionalized side in liquid phase.  This was required due to the fact 

that the response frequency of a piezoelectric TSM sensor is unstable in a fully immersed 

liquid phase. 

Similar research with a functionalized QCM has been carried out for detection of 

bacteria strains using antibodies or nucleic acid probes as well as non-labeled biosensing 

techniques such as bacterial membrane surface antigen recognition.  Mao et al. fabricated a 

QCM with immobilized single-stranded DNA (ssDNA) probes for E. coli O157:H7 which 

had a 267 cells/ml LLD [39].  Wang et al. used a QCM with single-stranded DNA (ssDNA) 

probes fixed through Au-SH bonding to the thioled surface of the gold electrode to get a LLD 

of 2000 E. coli O157:H7 cells/ml [40].  Slightly differing from the previous LLD analyses of 

E. coli bacteria, Wu et al. found that thiol modified specific DNA probes for E. coli O157:H7 

immobilized on the gold surface of a QCM resulted in a frequency change value of 70-80 Hz 

when hybridization of the probes occurred [41].  And lastly, Shen et al. functionalized a 

QCM with carbohydrates and lectins to demonstrate enhanced specificity and sensitivity, 

without use of antibodies or nucleic acid probes, for a LLD of 750 whole E. coli bacterial 

cells/ml [42].   

For the Shen study, the basis for functionalizing the QCM comes from the fact that a 

high percentage of harmful bacteria and their secreted toxins bind specific carbohydrate 

sequences on the surface of host cells at the initial recognition and attachment site.  Type 1 
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fimbriae present on the surface of many Gram-negative pathogenic bacteria, such as E. coli, 

are responsible for mannose and mannoside-binding activity [43-44].  The major bacterial 

cell wall component in all Gram-negative bacterial families is a class of glycoconjugates 

called lipopolysaccharides (LPS) which are present in either rough or smooth form.  Smooth 

LPS contain a polysaccharide (O-antigen) which plays an important part in virulence factors 

at the bacterial cell surface [45].  LPS O-antigens are unique for specific bacterial strains and 

can provide specific selectivity for recognition by carbohydrate binding proteins called 

lectins [46].  Application of a mannose SAM onto the Au electrode of a QCM allows for 

adhesion of fimbriated E. coli to the surface, however the binding is non-rigid and thus 

damping of the oscillation can occur.  An interesting solution proposed by the Shen group 

was to use the multivalent mannose-binding lectin Con A to increase the contact area 

between the E. coli cell and the mannose SAM ligands immobilized on the QCM electrode 

surface.  Con A mediated detection significantly enhanced specificity and sensitivity for 

QCM biosensors. 

2.3 FUNCTIONALIZED ADVANCED PIEZOELECTRIC 

SENSORS 

Recently, a new research direction has focused on functionalization of miniaturized 

sensors which utilize advanced piezoelectric materials far more sensitive than the AT-cut α-

quartz used in QCMs.  Rey-Mermet et al. used a high frequency 6-8 GHz AlN thin film 

resonator layered with 10 to 20 nm thick PMMA coatings to detect pico-gram level 

adsorption of acetone vapor with sensitivity up to 1000 m2/kg [47-48].  Zhu et al. showed 

that a lead zirconate titanate/gold (PZT/Au) functionalized glass cantilever with immobilized 

antibodies specific to Salmonella common structural antigens has a mass detection sensitivity 

of 5 x 10-11 g/Hz and a LLD concentration sensitivity of 500 cells/ml [49].  Additionally, 

McGovern at al. demonstrated a LLD of 36 spores of Bacillus anthracis (BA) with a PMN-

PT/Sn piezoelectric microcantilever sensor (PEMS) functionalized with immobilized 

antibodies specific to anthrax spore surface antigen on the sensing electrode surface [50].  

The binding of a target antibody with its receptor probe triggers a change in the oscillation 

frequency of the resonator which can lead to the detection of these and other kinds of 

pathogenic bacteria.  
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Combination of the advanced piezoelectric material PMN-PT with the functional 

polymer PMMA is explored in this research.  A non-functionalized single crystal PMN-PT 

TSM sensor has already shown a much larger resonant frequency drop compared with a 

QCM when exposed to water vapor [51] and methanol vapor [52].  Figure 2.17 shows a Venn 

diagram of research work referenced in this thesis on TSM sensors.  The thesis research work 

to be presented in the following chapters is indicated in red in the bottom right corner of the 

diagram.  Experimental results from non-functionalized TSM sensors exposed to acetone 

vapors have been published and presented at the SPIE International Symposium on 

Optomechatronic Technologies (ISOT 2008) [53].  Experimental results from a PMN-PT 

TSM sensor functionalized with a 110 nm PMMA layer for detection of acetone, methanol, 

and isopropyl alcohol (IPA) vapors have been submitted for review to the Journal Sensors 

and Actuators, B, Chemical.  At the time of the writing of this thesis, there have been no 

previous reports which describe functionalization of a PMN-PT TSM sensor with PMMA for 

detection of chemical agents.   

 

Other

functional

films

QCM

Other 

piezoelectrics
PMN-PT

Bio-

molecules
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Figure 2.1. Venn diagram comparing piezoelectric and functional materials. 
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CHAPTER 3 

THEORY OF THICKNESS SHEAR MODE (TSM) 

SENSORS 

This chapter describes the equations for piezoelectricity and the theory of TSM 

sensors.  AT-cut α-quartz and PMN-29%PT are introduced as the piezoelectric materials 

used in this research.  

3.1 PIEZOELECTRICITY 

Piezoelectricity is defined as the “electric polarization produced by mechanical strain 

in crystals belonging to certain classes, the polarization being proportional to the strain and 

changing sign with it [54].”  The process of piezoelectricity is a reversible one which has 

both a direct and a converse piezoelectric effect.  The above definition describes the direct 

effect, but the converse effect refers to a crystal which can become mechanically strained 

when subject to electrical polarization.  The discovery of piezoelectricity is credited to the 

Curie brothers in 1880 due to their experiments with application of pressure onto plates of 

various crystals, including quartz, and measurement of their electrical effects [55].  A year 

later, Hankel confirmed and introduced the term piezoelectricity for this newly discovered 

phenomenon [56-57].   

Enhanced piezoelectric properties compared to quartz and other natural materials 

have been developed in polycrystalline ferroelectric ceramic materials such as lead zirconate 

titanate (PZT) and PMN-PT.  Piezoelectricity readily occurs in ferroelectrics which are 

electrically polarized due to a fixed deformation in the alignment of the crystal lattice 

structure from an isotropic centro-symmetric cubic to an anisotropic tetragonal symmetry 

[58].  The difference between ferroelectrics before and after poling is that the polarized state 

exhibits reversible piezoelectric properties for as long as the mechanical, thermal, and 

electrical limits of the material are not met.  If any of these limits are met, the ferroelectric is 

susceptible to reverting to its original lattice structure and will need to be polarized again to 

achieve a similar level of piezoelectricity.   
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Electric dipoles occur between charge separated pairs of negative and positive ions.  

Nearby dipoles with parallel orientations tend to be aligned in regions called Weiss domains 

[59].  These Weiss domains roughly align during the poling process to form a remnant 

polarization maintained in the material even after cooling.  Thus for a poled material, the 

Weiss domains increase alignment from the remnant state proportional to the voltage applied 

to produce an expansion or contraction of the piezoelectric material.  Application of 

mechanical stress to the surface of a poled single crystal ferroelectric such as PMN-PT alters 

the alignment of Weiss domains to produce a measurable electric voltage.  Figure 3.1 [60] 

shows the electric dipoles present in Weiss domains throughout the poling process.  Note the 

slight difference in how the dipoles align during the poling and afterwards once it has cooled.  

The after poling state exhibits piezoelectric properties which increase the alignment of the 

Weiss domains during a supply of mechanical or electrical input.  However, any excess of 

mechanical, electrical, or thermal input brings the ferroelectric back to its relaxed state with 

randomly distributed Weiss domains.  

 

 
Figure 3.1. Electric dipoles in Weiss domains; (1) unpoled ferroelectric ceramic, 

(2) during poling, and (3) after poling (piezoelectric ceramic).  Source: GmbH 

& Co. KG, “Fundamentals of Piezoelectricity: Material Properties”, Physik 

Instrumente (PI), http://www.physikinstrumente.com/tutorial/4_15.html 

(Accessed December 17, 2008). 

Ferroelectrics in the relaxed state before poling produce a small voltage when stress is 

applied due to the random assembly of dipoles throughout the crystal lattice.  However, 

without any application of stress or voltage, the negative and positive dipoles balance each 
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other out and the ferroelectric remains electrically neutral.  Electric polarization creates an 

imbalance between the charge separation of negative ions on one crystal plane and positive 

ions on another opposite crystal plane [58].  Electric dipole behavior results from this 

imbalance to create a voltage potential across the crystal.   

3.2 GOVERNING EQUATIONS OF PIEZOELECTRICITY 

Piezoelectricity combines electrical and mechanical components described by Gauss’ 

Law and Hooke’s Law in Equation 3.1 and Equation 3.2, respectively.   

ED ε=             (3.1) 

sTS =             (3.2) 

Where D is the electric charge density displacement, or electric displacement [C/m2], 

ε is permittivity [F/m], E is electric field strength [V/m], S is mechanical strain, s is 

compliance [m/N], and T is applied mechanical stress [N/m2].  A relation between stress, 

strain, and electric field can be demonstrated through Equation 3.3. 

j

E

ijkkii TsEdS +=          (3.3) 

Where Si is the part of the strain produced by the electric field (Ek), the piezoelectric 

constant (dki) is the part of the strain produced by the applied stress (Tj), and sE
ij is the elastic 

compliance coefficient under the condition of a constant electric field.  Meanwhile, the 

electric displacement, electric field, and stress can be related by Equation 3.4.   

mlmn

T

l TdED += lnε          (3.4) 

 Where εT
ln is the dielectric strain coefficient, or permittivity, under the constant stress 

(Tm), Dl is the dielectric displacement, and the subscript values for the terms in Equations 3.3 

and 3.4 are i, j, m = 1,...,6 and k, l, n = 1, 2, 3.  Equations 3.3 and 3.4 comprise the 

relationship between the electrical and mechanical properties of piezoelectric materials. 

3.3 TSM SENSORS 

TSM sensors are mass sensitive devices which utilize the piezoelectric effect for 

chemical sensor and biosensor applications.  A change in mass on the surface of an 

oscillating crystal shifts the frequency of oscillation and this shift is a measurement of the 

amount of analyte adsorbed on the surface [61].  A TSM sensor, or bulk acoustic wave 

(BAW) resonator, has bulk shear waves traveling through a piezoelectric substrate with an 
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oscillating electric field applied through metal electrodes located on opposite sides of the 

piezoelectric material.  Mechanical vibrations which occur as a result of adsorbed analytes 

can be converted into an oscillating voltage to be picked up by the opposing electrodes.   

A quartz crystal microbalance (QCM) is an example of a TSM sensor which utilizes 

the converse piezoelectric effect to determine mass changes as a result of frequency change 

of the crystal.  A QCM uses AT-cut (cut angle = 35.25° in the y-z plane) α-quartz as the 

piezoelectric material due to its low frequency–temperature coefficients and high stability at 

room temperature [62].  The electrodes are usually gold, silver, aluminum, palladium, or 

other metals which are sputtered directly onto the surface.  An example of a QCM with a 

wrap around design electrode pattern which allows complete electrical contact from one side 

is shown in Figure 3.2 [63]. 

 

 
Figure 3.2. Quartz crystal microbalance (QCM).  Source: Tangidyne 

Corporation, “Liquid Monitoring Crystals”, Liquid Monitor Crystals, 

http://www.tangidyne.com/liquid_monitoring_crystals.html (Accessed 

December 24, 2008). 

For AT-cut piezoelectric crystals, the resonant condition relates to a thickness shear 

oscillation in which the shear wave propagates through the piezoelectric material.  This shear 

wave is perpendicular to the faces of the crystal while the atomic displacements 

corresponding to the shear motion are parallel to the crystal surface.  Mass accumulation on 

either one or both faces of the crystal surface produces a decrease in resonant frequency.  
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Interaction of an analyte with the detection element of the crystal results in a change of mass 

which can provide a gravimetric measurement of the biochemical species.  A TSM sensor is 

thus simple with regard to its construction, operation, size, and low power requirements.  

Frequency change is an accurate and stable type of physical measurement with high 

sensitivity which can be used for detection of vapor or liquid.  Due to the fact that charge 

leaks from the system and only a transient voltage is produced when a steady force is 

applied, TSM sensors use piezoelectricity in the alternating current (AC) mode.  In a QCM, 

an AC voltage applied across the electrodes induces a shear deformation as part of the 

converse piezoelectric effect.   

As introduced in Chapter 2, a functionalized TSM sensor uses a thin surface layer 

with a high surface area to sense trace amounts of chemicals or biomolecules.  The thin film 

adsorbs analytes in the liquid or vapor phase such that the film mass or viscoelastic 

properties are altered.  This surface interaction is related to the electrical response for the 

TSM sensor through the piezoelectric properties of the transducer substrate.  Acoustic waves 

propagate in a perpendicular direction to the particle displacement, which is parallel to the 

surface of the piezoelectric material.  Due to their being no particle movement in the y and z 

directions, shear or transverse wave motions are produced.  Figure 3.3 [64] shows the basic 

layout of a chemical sensor which includes the target analyte, chemical detection element, 

transducer, signal, and the signal processor.  For a TSM sensor, the detection element is 

either the sputtered gold electrode or the thin functional surface layer which makes contact 

with analytes in the environment. 

 

Analyte Chemical

detection

element

Transducer

Signal

Signal

processor

 
Figure 3.3. Schematic layout of a chemical sensor.  Adapted from source: Eggins, 

B.R., Biosensors: An Introduction, John Wiley & Sons Ltd., 1996.  
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3.4 GOVERNING EQUATIONS OF TSM SENSORS 

In 1959, Sauerbrey was the first to describe a quantitative relationship based on an 

increase in acoustic wavelength at resonance resulting from an increase in device thickness 

[65].  Additionally, deposition of films onto the TSM sensor surface follows Sauerbrey’s 

quantitative analysis.  An increase in the thickness causes an increase in acoustic wavelength 

at resonance, such that Sauerbrey’s equation can be defined as Equation 3.5.  

A

mf
f

f

ssρµ

2
02

−=∆          (3.5) 

Where f0 is the fundamental resonant frequency of the unloaded device (Hz), µs is the 

shear modulus of the piezoelectric substrate, ρs is the substrate density, and A is the surface 

area (cm²).  The frequency decreases when a thin film is attached to the sensor crystal.  If the 

film is thin and rigid, the decrease in frequency is proportional to the mass of the film.  In 

this way, a TSM sensor operates as a very sensitive gravimetric balance.  However, in most 

cases the adsorbed film is not rigid and the Sauerbrey relation becomes invalid.  A film that 

is soft and viscoelastic, such as polymethylmethacrylate (PMMA), will not fully couple to 

the oscillation of the crystal and the Sauerbrey relation will underestimate the mass at the 

surface. 

A TSM sensor is almost always assumed to be operating in the resonance condition.  

This is due to the connection between boundary effects and resonance.  A TSM sensor 

consists of standing waves which must satisfy both mechanical and electrical boundary 

conditions.  In an oscillating electric field, a piezoelectric substrate is vibrating in a way that 

electric charges on the surface interact with this field.  The natural frequency of oscillation 

can be initiated from the instigated resonance.  Thus, complete constructive interference of 

the standing acoustic waves occurs and the waves are reflected from the two surfaces of the 

piezoelectric substrate.  The substrate thickness, t, in the y direction yields the wavelength, λ, 

of the fundamental (n = 1) and harmonic (n = 3, 5, 7...) resonances through Equation 3.6.  

n

t2
=λ          (3.6) 

Particle motion at the electrode surface is parallel to the plane of an added thin film 

surface layer since it is forced into motion by the instigated oscillating movement of the 

piezoelectric substrate.  For a bulk wave, assuming the surface layer has the same acoustic 
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impedance as the piezoelectric substrate, the frequency change is proportional to the 

mass/area ratio, µ, of the surface layer [47].  Other parameters which need to be specified 

include vs as the sound velocity in the piezoelectric substrate, ρ its density, t0 its thickness, ZA 

its acoustical impedance, and f0 the resonant frequency of the non-functionalized TSM 

sensor.  The frequency shift per surface layer mass/area ratio, µ, and the sensitivity, Sa, 

measured in an absolute frequency shift can be determined to get Equation 3.7.  
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Sa increases as f0
2 does so that there is an increase in sensitivity with frequency.  The 

relative frequency shift ∆f/f0 is more practically relevant for the sensitivity according to 

Equation 3.8. 
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→0
0

lim
1

             (3.8) 

3.5 PIEZOELECTRIC MATERIALS 

Piezoelectric materials include natural materials, naturally occurring crystals, man-

made crystals, man-made ceramics, and various kinds of polymers.  As introduced in Section 

3.1, piezoelectricity occurs in polarized materials which undergo mechanical stress and 

produce a voltage output.  Piezoelectric properties result from how the Coulombic charge 

forces interact with the elastic restoring forces of the material and depend upon the 

corresponding crystallographic nature at the atomic level [58].  Piezoelectricity cannot occur 

in materials with central symmetry.   

Natural materials such as dry bone and wood exhibit piezoelectric properties due to 

the piezoelectric effect of the crystalline micelle of collagen and cellulose molecules, 

respectively [66].  Quartz (SiO2), cane sugar (C12H22O11), and Rochelle salt 

(KNaC4H4O6·4H2O) are common naturally occurring crystals which exhibit piezoelectric 

properties.  Man-made crystals such as gallium orthophosphate (GaPO4) and langasite 

(La3Ga5SiO14) have improved upon the natural properties of quartz through modifications 

which make them useful for piezoelectric pressure sensor applications at high temperatures 

[67].  Man-made ceramics with perovskite structure of the general chemical formula ABO3 

exhibit enhanced piezoelectric properties compared to naturally occurring materials.  
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Examples of these perovskites include barium titanate (BT), lead titanate (PT), lead zirconate 

titanate (PZT), lead magnesium niobate (PMN), lead lanthanum zirconate titanate (PLZT), 

lead zinc niobate-lead titanate (PZN-PT), and lead magnesium niobate-lead titanate (PMN-

PT) [68]. 

Single crystal piezoelectrics such as quartz, lithium niobate (LN), and lithium 

tantalate (LT) with piezoelectric coefficients (d33) as high as 50 pC/N have been used for 

oscillators and surface acoustic wave (SAW) devices.  However, these piezoelectric 

coefficients are much lower than PZT ceramics with d33 values as high as 750 pC/N [69].  

One drawback with PZT ceramics is that single crystals have yet to be manufactured which 

allow adequate property measurements.  Relaxor-PT ferroelectrics such as PZN-PT and 

PMN-PT have an advantage over PZT ceramics since they can be grown in single crystal 

form.  The origin of the giant piezoelectric response of relaxor-PT ferroelectrics has been 

investigated in order to better understand manufacturing techniques with changing PT 

concentration [70].  Park and Shrout compared the strain versus electric field behavior for 

<001> oriented rhombohedral crystals of PZN-PT, PMN-PT, and various other man-made 

ceramics with perovskite structure, as shown in Figure 3.4 [69].   

 

 
Figure 3.4. Strain versus E-field behavior for piezoelectric materials.  Source: 

Park, S.-E.; Shrout, T.R. “Ultrahigh strain and piezoelectric behavior in 

relaxor based ferroelectric single crystals” J. Appl. Phys., 1997, 82, 4, p. 1810. 
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Figure 3.4 shows PZT ceramics with typical free strains on the order of 0.1% to 0.2% 

compared with single crystal PZN-PT and PMN-PT strain values between 0.7% and 1.3%.  

Additionally, the strain energy densities for single crystal relaxor-PT ferroelectrics are as 

much as five times that of other conventional piezoceramics [71].  Piezoelectric coefficients 

of relaxor-PT ferroelectrics measured along the polar axis are as much as an order of 

magnitude smaller than along the non-polar direction.  This is the opposite result to PZT 

ceramics where the largest piezoelectric response is measured along the poling or 

macroscopic average polar axis [72].       

PZT ceramics lie near the morphotropic phase boundary (MPB) between the 

tetragonal and rhombohedral phases.  They exhibit very high dielectric and piezoelectric 

properties due to enhanced polarizability which results from coupling between equivalent 

tetragonal and rhombohedral phase energy states [69].  During the poling process, there is 

ample opportunity for a shift to optimum domain orientation to create enhanced piezoelectric 

properties.  Figure 3.5 [73] shows a ternary diagram depicting MPBs in PZT and relaxor-PT 

ferroelectrics. 

 

 
Figure 3.5. Ternary diagram of MPBs in PZT and relaxor-PT systems.  Source: 

Yamashita, Y. “Large Electromechanical Coupling Factors in Perovskite 

Binary Material System” Japanese Journal of Applied Physics Part 1 – Regular 

Papers, Short Notes, & Review Papers, 1994, Vol. 33, 9B, pp. 5328-5331. 
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One consequence of obtaining increased piezoelectric activity is that other material 

properties may become easily degradable due to the manufacturing process.  A high 

piezoelectric coefficient can be created by compositionally adjusting the Curie temperature 

(Tc) downward relative to room temperature, which results in “soft” piezoelectric ceramics 

[69].  The material becomes more temperature dependent and the polarization stability 

decreases and results in a loss of piezoelectric activity over time.  In general, hard or soft 

piezoelectric ceramics exhibit a number of undesirable effects such as creep, hysteresis, 

nonlinearity, and aging [74].   

3.5.1 Quartz 

Quartz is the most abundant mineral in the Earth’s continental crust and is made up of 

a lattice of silica (SiO2) tetrahedra.  The quartz used in QCM TSM sensors is grown by a 

hydrothermal process which avoids twinning through the production of single crystals at 

below the Tc of 573 ºC.  Quartz crystal acts as an acoustic resonator which depends on 

temperature, pressure, and bending stress.  TSM sensors most often use α-quartz because it is 

inexpensive and also exhibits minimum temperature dependence within a range of typical 

operating temperatures.  Figure 3.6 [58] shows typical cuts of quartz employed for 

piezoelectric applications, including the AT-cut. 

 

 
Figure 3.6. Typical cuts of quartz for piezoelectric applications.  Source: 

Thompson, M.; Stone, D.C. Surface-Launched Acoustic Wave Sensors: Chemical 

Sensing and Thin-Film Characterization, Chemical Analysis, Vol. 144, 1st Ed., 

1997, John Wiley & Sons, New York, p. 23. 
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The coupling effect between temperature and frequency can be minimized through 

use of the crystal cuts shown in Figure 3.6.  The AT-cut is commonly used for α-quartz in a 

QCM since it is regarded as a temperature compensated cut.  AT-cut crystals are singularly 

rotated Y-axis cuts in which the top and bottom half of the crystal move in opposite 

directions during oscillation [75].  This kind of thickness shear vibration results in bulk shear 

waves for a TSM sensor.  Internal stresses in an AT-cut crystal caused by temperature 

gradients at high and low temperature extremes can lead to resonant frequency shifts and 

decreased accuracy.  The relationship between temperature and frequency is cubic and has an 

inflection point near room temperature [76].  Thus, an AT-cut quartz crystal is most effective 

when operating at or near room temperature.   

3.5.2 PMN-PT 

(1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) manufactured in a single crystal thin film 

form represents a new generation of oxide materials with excellent piezoelectric properties.  

PMN-PT is a relaxor ferroelectric which, depending on the percentage of lead titanate (PT) in 

the solid solution, can exhibit a high piezoelectric coefficient (d33 > 2000 pC/N), 

electromechanical coupling factor (k33 > 0.9), and electrically induced strain (x33 ~ 1%) [77-

80].  The piezoelectric coefficients dij (pC/N), eij (C/m2), gij (10-3Vm/N), hij (108V/m), and 

electromechanical coupling factors, kij, for the particular type of <001> poled PMN-29%PT 

used in this thesis research are listed in Table 3.1 [81]. 

 

Table 3.1. Piezoelectric Coefficients and Electromechanical  

Coupling Factors for PMN-29%PT. 

Material d33 d31 d15 e33 e31 e15 
PMN-29%PT 1540 -699 164 22.3 -3.9 10.3 

Material g33 g31 g15 h33 h31 h15 
PMN-29%PT 32.2 -14.6 11.9 27.7 -4.8 8.7 

Material k33 k31 k15 kt  k31 (45
o
) 

PMN-29%PT 0.91 0.44 0.35 0.60  0.81 

Source: TRS Technologies, Inc., “PMN-29PT Full Matrix” (Used 
with permission from Jun Luo, Ph.D.). 

 

The piezoelectric coefficient, dij, relates the applied electric field to the resultant 

strain.  The polarization axis is in the 3 direction so the longitudinal d33 term applies when 
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the force is along the polarization axis, while the transverse d31 term applies when the force is 

applied at a right angle to the polarization axis.  Meanwhile, the piezoelectric coefficient, gij, 

relates mechanical stress on the piezoelectric crystal to the resulting electric field in the 

crystal.  As is evident from Table 3.1, the d33 value of 1540 pC/N and the k33 value of 0.91 

for the type of PMN-29%PT used in this thesis research are both quite high and fall within 

the reported range of values for advanced piezoelectric materials. 

Another important mechanical property for PMN-PT includes the shear mode 

stiffness, or shear modulus, as discussed earlier for Sauerbrey’s equation in Section 3.4.  The 

shear modulus for PMN-29%PT is indicated as cE
44 (1010 N/m2) in Table 3.2 [81].  This 

value and the shear mode compliance, sE
44 (10-12 m2/N), for <001> poled PMN-PT single 

crystals (4mm symmetry) are not optimal and in some poling directions the value can be 

several to 10 times higher. 

 

Table 3.2. Elastic Compliance and Elastic Stiffness Constants  

for PMN-29%PT. 

Material 
Es11  Es12  

Es13  Es33  Es44  
Es66  

PMN-29%PT 52.1 -24.6 -26.4 59.9 16.0 28.3 

Material 
Ds11  Ds12  

Ds13  Ds33  Ds44  
Ds66  

PMN-29%PT 41.8 -34.8 -3.9 10.3 14.0 28.3 

Material 
Ec11  Ec12  

Ec13  Ec33  Ec44  
Ec66  

PMN-29%PT 12.4 11.1 10.4 10.8 6.3 3.5 

Material 
Dc11  Dc12  

Dc13  Dc33  Dc44  
Dc66  

PMN-29%PT 12.6 11.3 9.3 16.8 7.1 3.5 

Source: TRS Technologies, Inc., “PMN-29PT Full Matrix” (Used 
with permission from Jun Luo, Ph.D.). 

 

The PMN-29%PT used in this thesis research was grown from the melt by the 

Bridgman method.  It is a controlled freezing process which takes place under a temperature 

gradient and it produces a single nucleus from which a single crystal can propagate and grow 

[82].  The growth occurs through allowing the solid-liquid interface to move slowly until the 

whole molten charge is solidified.  Figure 3.7 [83] shows an example of a PMN-PT single 

crystal boule grown by the Bridgman method from the supplier used in this thesis research.   
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Figure 3.7. PMN-PT single crystal boule.  Source: TRS Technologies, Inc., 

“Single Crystal Piezoelectrics”, 

http://www.trstechnologies.com/Products/Single_Crystal/piezo_crystals.php 

(Accessed December 30, 2008). 

For a TSM sensor with single crystal PMN-PT, an oscillating electrical field can be 

applied via sputtered gold electrodes on either side of the piezoelectric substrate.  This makes 

for an electrical one-port (two terminal) device with the particle displacement components 

being transverse relative to the direction of launched bulk wave propagation.  A PMN-PT 

TSM sensor shows much greater frequency sensitivity than a QCM TSM sensor in 

experimental mass sensor applications [51-52] and can be used in other chemical sensing 

applications which depend upon high sensitivity for detection purposes [84].  
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CHAPTER 4 

MEMS MICROFABRICATION AND 

EXPERIMENTAL MATERIALS 

This chapter describes MEMS microfabrication of PMN-PT and PMMA 

functionalization of TSM sensors.  A summary of experimental materials is also provided. 

4.1 MEMS MICROFABRICATION 

The cleanroom at the SDSU MEMS Research Lab was utilized for wet etching a 

PMN-PT substrate with concentrated hydrochloric acid (HCl), constructing a non-

functionalized PMN-PT microbalance with sputtered electrode layers, and spin-coating a 

functional PMMA layer onto PMN-PT and QCM TSM sensor surfaces. 

4.1.1 HCl Wet Etch of a PMN-PT Substrate 

A total thickness of 100 µm was wet etched from a PMN-PT substrate with 80 °C 

concentrated HCl.  Table 4.1 indicates that the etching rate of PMN-PT was determined to be 

between 0.25 – 0.3 µm/min after 180 minutes of experimental trials [85].  It was also found 

that pre-treatment of PMN-PT with concentrated HCl for 5 – 10 minutes provided a smooth 

substrate surface.  A uniformly smooth PMN-PT substrate surface is ideal for adherence of 

SU-8 negative photoresist to pattern MEMS features such as interdigitated electrodes onto 

the PMN-PT surface. 

 

Table 4.1. Etching Rate of PMN-PT in Concentrated HCl at 80 ºC 

 
Source: Pitchaikani, S. “A Novel High Sensitive PMN-PT Based 
Food-borne Pathogen Detection System” Project Report presented 
to the Department of Mechanical Engineering, San Diego State 
University, Fall 2007. 
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Scanning electron microscopy (SEM) images of the PMN-PT surface were obtained 

after 180 minutes of etching in concentrated HCl at 80 °C.  Figure 4.1 [85] shows the PMN-

PT substrate to be relatively uniform with a good binding surface for photoresist application 

to do further MEMS patterning.  Microfabrication of PMN-PT resulted in a substrate with 30 

µm thickness followed by sputtering of 100 nm gold and 100 nm chromium electrode layers 

onto the surface.  Chromium is sputtered onto the PMN-PT substrate first, followed by gold 

on top of it.  The gold electrode adheres tightly to the chromium layer, while the chromium 

adheres tightly to the PMN-PT substrate.  Gold by itself does not adhere well to materials 

other than chromium. 

 

 
Figure 4.1. PMN-PT surface after 3 hours etching in concentrated HCl at 80 ºC; [left] 

PMN-PT surface at 150X magnification, [center] PMN-PT surface at 1,500X 

magnification, [right] PMN-PT surface at 10,000X magnification.  Source: Pitchaikani, 

S. “A Novel High Sensitive PMN-PT Based Food-borne Pathogen Detection System” 

Project Report presented to the Department of Mechanical Engineering, San Diego 

State University, Fall 2007. 

4.1.2 Fabrication of a Non-Functionalized PMN-PT 

Microbalance 

A 14.5 MHz and a 20.5 MHz PMN-PT microbalance are used in this thesis research.  

A <001> factory oriented and poled 0.5 mm thick plate of PMN-29%PT single crystal is 

polished to a thickness of 30 µm with dimensions of 2 mm x 2 mm.  An electrode layer of 

100 nm Cr and 100 nm Au is sputtered onto both sides and microbalance pins are attached to 

the electrodes with silver conductive epoxy.  A stepwise diagram for the fabrication of a non-

functionalized PMN-PT microbalance is shown in Figure 4.2. 
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Figure 4.2. Stepwise diagram for fabrication of a non-functionalized PMN-PT 

microbalance.  

In order to wire bond the microbalance pins to either side of the piezoelectric PMN-

PT substrate, the conductive epoxy must cure at 100 ºC for two hours.  The dimensions of the 

platform with wire holders and contact prongs attached on either side of it are the same as for 

a QCM to be described in Section 4.2.1.  The PMN-PT microbalance used in this thesis 

research and an example of a PMN-PT small bulk sample are shown in Figure 4.3 [51]. 

 

 
Figure 4.3. PMN-PT microbalance TSM sensor; [left] PMN-PT microbalance used in 

this thesis research, [right] Example of PMN-PT small bulk sample. Source [right 

image]: Hong, Y.K.; Park, H.-K.; Lee, S.Q.; Moon, K.S.; Levy, M. “Fabrication of a 

piezoelectric biosensor based on a PZN-PT/PMN-PT single crystal thin film” 

Proceedings of the SPIE International Conference on Optomechatronic Sensors, 

Actuators, and Control, 2004, Vol. 5602, pp. 140-147. 
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Before each of the experiments conducted for this thesis research, the PMN-PT 

microbalance is poled for 30 minutes at 150 volts with a DC voltage generator.  This ensures 

that the ferroelectric material PMN-PT has the expected piezoelectric properties previously 

discussed in Section 3.5.  The setup for poling the PMN-PT microbalance while it is housed 

within the TSM sensor chamber is shown in Figure 4.4. 

 

 
Figure 4.4. Electric poling with a DC voltage generator.  

4.1.3 PMMA Functionalization of TSM Sensors 

Chapter 2 on functionalized chemical sensors and biosensors introduced the concept 

of using polymethylmethacrylate (PMMA) as a chemical detection element or as a part of a 

composite for anchoring a chemical detection element.  A QCM TSM sensor functionalized 

with a PMMA layer has been demonstrated numerous times in recent research [21-29].  

However, the research presented for the VOCs exposure experiment from this thesis 

demonstrates the first usage of a PMN-PT TSM sensor functionalized with a PMMA layer.  

A comparison of the detection sensitivity between PMMA functionalized QCM and PMN-PT 

TSM sensors for exposure to acetone is addressed in further detail in Section 6.2.1.  

Additionally, further analysis of the detection sensitivity of a PMMA functionalized PMN-

PT TSM sensor for exposure to various common VOC solvents is presented in Section 6.2.2. 

The PMN-PT substrate attached to the microbalance used in this research is smaller 

and more fragile than a QCM.  The diameter of a typical 20 MHz QCM is 14 mm with a 



 

 

27 

thickness of 200 µm.  The edges of the quartz wafer fit snugly between the coils of the wire 

holders and are not bonded to the microbalance.  The fact that the quartz is not bonded to the 

microbalance is an important factor to consider since a QCM is relatively robust to minor 

impacts due to the absence of any highly delicate bonded contact points.   

A PMN-PT microbalance is not commercially mass produced in the standardized 

manner of a QCM, so its fabrication is specific according to its desired function.  The PMN-

PT dimensions used in this research are 2 mm x 2 mm with a thickness of 30 µm.  

Microbalance pins must also be attached to the PMN-PT substrate by wire bonding and the 

sample must be poled for 30 minutes at 150 volts in order to produce a finished PMN-PT 

TSM sensor.  But, this is only the process for creation of a PMN-PT TSM sensor for use in 

the acetone exposure experiment.  The next step is to functionalize the tiny 2 mm x 2mm 

surface of the PMN-PT substrate without breaking the wire bonding attached at top and 

bottom points to the PMN-PT substrate of the microbalance.   

A number of methods for adding a functional PMMA layer have been utilized in 

current research, including solution casting, layer-by-layer assembly, and spin-coating.  For 

solution casting; PMMA is dissolved in a solvent, the solution is dropped onto a substrate, 

the solvent is evaporated in a casting chamber, and the PMMA film is dried in a desiccator 

for more than 24 hours [86].  This was a possible method for use, but the possible surface 

tension of the PMMA solution stuck to the edges of the small PMN-PT substrate might not 

have led to a completely uniform PMMA surface layer following casting.  For layer-by-layer 

assembly; the substrate is immersed in a PMMA solution for 15 minutes at ambient 

temperature, taken out, rinsed with a solvent, and dried with nitrogen gas for as many layers 

as desired [87].  This was a less possible method for use due to the number of steps involved 

to handle the delicate PMN-PT microbalance outside of the TSM sensor chamber.  

Finally, for the spin-coating process; PMMA is dissolved in a solvent, the solution is 

dropped onto a substrate, the solution is spin-coated for an amount of time at a revolution per 

minute (rpm) speed to obtain a certain thickness, and the solvent is evaporated.  This spin-

coating method was the most preferable alternative because one half of the TSM sensor 

chamber containing the PMN-PT microbalance could be mounted directly onto a platform on 

the spin-coater.  This way the PMN-PT microbalance didn’t need to be handled as much as 

with the layer-by-layer assembly method.  An advantage in comparison with the solution 
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casting method was that a uniform thin film layer of PMMA with high surface area and 

known thickness could be developed through this method.  Figure 4.5 shows the steps 

involved in the spin-coating process for the VOCs exposure experiment using the cleanroom 

facilities.   

 

 
Figure 4.5. PMMA functionalization process; [left] spin-coating platform, [center] 

PMMA application with pipet, [right] PMMA spin-coating on TSM sensors.  

A solution of 2-6% weight-in-weight (w/w) 120,000 molecular weight (MW) PMMA 

was dissolved in propylene glycol methyl ether acetate (PGMEA) after 72 hours of stirring.  

PGMEA is considered a safer solvent than the typically used chlorobenzene to dissolve 

PMMA.  The left image in Figure 4.5 shows the top plastic cap of a silicon wafer container.  

This cap was deemed sturdy enough for use as a mount to attach one half of the TSM sensor 

chamber with both TSM sensors included.  The center image in Figure 4.5 shows the pieces 

of tape which were applied to hold the TSM sensor chamber to the cap.  Also, the 

micropipette scale indicates the 5 µl of PMMA solution which were dropped onto the TSM 

sensor substrates.   

The right image in Figure 4.5 shows the PMMA solution spin-coated onto the TSM 

sensors at 500 rpm for a total of 240 seconds.  For past spin-coating protocols of PMMA in 

PGMEA solution onto a silicon wafer, the spinning speed and time were 3000 rpm and 40 

seconds, respectively [13, 88].  For this particular experiment, however, the TSM sensor 

chamber could not be safely spun at 3000 rpm since it could easily wobble off axis, fly off 

the spin-coater, and break the TSM sensors.  The spin-coater is usually used for spinning 

viscous photoresist materials, such as SU-8, onto a 525 µm thick 4 inch silicon wafer.  The 

TSM sensor chamber attached to the plastic cap in this experiment is much bulkier, plus the 

weight is distributed unevenly.  A small vacuum hole located at the center chuck of the spin-



 

 

29 

coater is the only suction available to hold the spinning substrate in place.  Thus, spinning 

speed and time modifications needed to be made.  The fastest spinning speed possible was 

500 rpm, or 1/6 of the spinning speed in the past protocols.  In order to account for this 

spinning speed discrepancy, the spinning time needed to be modified by a factor of 6, from 

40 seconds to 240 seconds.   

This adjustment of spinning speed and time is believed to result in the fabrication of a 

PMMA layer which matches the 110 nm thickness of previous experimental protocols [13, 

88].  Once the PMMA solution was spin-coated onto the TSM sensors, the entire TSM sensor 

chamber was post apply baked inside of an oven for 30 minutes at 120 ºC.  Figure 4.6 shows 

the TSM sensor chamber with the PMMA functionalized TSM sensors post apply baking 

inside of the oven. 

 

 
Figure 4.6. PMMA post apply bake in the oven.  

SEM images of the PMMA thin film coated onto both TSM sensors were obtained 

following the VOCs exposure experiment.  A 10-20 nm conductive layer of 60/40 gold-

palladium (Au-Pd) was coated onto the functionalized surface of each TSM sensor in order to 

visualize the non-conductive PMMA surface layer.  A smooth and uniform PMMA layer is 
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visible atop the 200 µm thick QCM substrate in Figure 4.7, as well as atop the 30 µm thick 

PMN-PT substrate in Figure 4.8. 

 

 
Figure 4.7. SEM images of PMMA functionalized QCM; a) PMMA functionalized layer 

at 50X magnification, b) PMMA functionalized layer at 700X magnification.  

 

 
Figure 4.8. SEM images of PMMA functionalized PMN-PT; a) PMMA functionalized 

layer at 120X magnification, b) PMMA functionalized layer at 900X magnification.  

The thickness of the PMMA layer on top of the TSM sensors in Figures 4.7 and 4.8 

could not be precisely determined due to the lack of a calibrated profilometer to measure the 

functional layer thickness.  There are two kinds of profilometers, contact or non-contact, 

which could be used to measure the thickness.  A contact profilometer uses a diamond stylus 

in contact with the sample to measure small surface variations in vertical stylus displacement 
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as a function of position.  A non-contact profilometer, such as an optical profilometer, can 

use laser triangulation to quickly measure the thickness of a coated PMMA layer [89].  A 

stepwise diagram summarizing PMMA functionalization of a PMN-PT microbalance is 

shown in Figure 4.9. 

 

 
Figure 4.9. Stepwise diagram for PMMA functionalization of a PMN-PT microbalance.  

4.2 DESCRIPTION OF EXPERIMENTAL MATERIALS 

The experimental design consisted of a variety of experimental materials.  The QCM 

was purchased from a commercial supplier and the PMN-PT microbalance was specially 

fabricated as previously described.  The TSM sensor chamber is a sealed and robust housing 

for the QCM and PMN-PT TSM sensors during the experimental trials.  The chemical agent 

chamber is a vented container for heating the chemical vapors during the experimental trials.  

The frequency recording apparatus is an electronic module and a PC interfaced frequency 

counter connected directly to each TSM sensor during the experimental trials.  And finally, 

additional experimental materials such as a vacuum bell jar, thermocouple thermometer, and 

solvent resistant components were used during the course of this research. 
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4.2.1 QCM 

A 10 MHz and a 20 MHz QCM are used in this thesis research.  The 20 MHz QCM 

has a thickness of 200 µm and a diameter of 14 mm.  The QCM has an elliptical platform 

where the wire holders and contact prongs attach on either side of it as shown in Figure 4.10 

[51, 90].  The dimensions of the platform are a major axis of 1.9 cm and a minor axis of 0.8 

cm.  Each contact prong has a diameter of 1 mm and is situated 3 mm from either end of the 

of the platform major axis, as measured to the prong midpoint.  The distance between the 

midpoint of one prong to the midpoint of the other prong is 7.5 mm.  The length of both 

prongs from the bottom side of the platform is 0.5 cm and the thickness of the elliptical 

platform is 1.75 mm.  

 

 
Figure 4.10. QCM TSM sensor; [left] Example of QCM used in this thesis research, 

[right] QCM components and scheme of vibrations.  Source [left image]: Hong, Y.K.; 

Park, H.-K.; Lee, S.Q.; Moon, K.S.; Levy, M. “Fabrication of a piezoelectric biosensor 

based on a PZN-PT/PMN-PT single crystal thin film” Proceedings of the SPIE 

International Conference on Optomechatronic Sensors, Actuators, and Control, 2004, Vol. 

5602, pp. 140-147.   Source [right image]: Skladal, P. “Piezoelectric Quartz Crystal 

Sensors Applied for Bioanalytical Assays and Characterization of Affinity Interactions” 

J. Braz. Chem. Soc., 2003, Vol. 14, No. 4, pp. 491-502.    

An alternating current (AC) voltage is applied to the QCM to cause the AT-cut α-

quartz crystal to oscillate with a shear horizontal vibration as shown in Figure 4.10.  At 

resonance frequency equal to the natural frequency of vibration, transfer of energy from the 

electric field to the crystal is most efficient and the energy remains conserved in the 

oscillating system [90].  On each side there is a sputtered electrode layer with a diameter of 

5.105 mm.  The electrode layer consists of 100 Å chromium (Cr) on top of the quartz and 
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1000 Å gold (Au) on top of the Cr.  The Cr layer is applied between the Au layer and the 

quartz in order to maximize adherence of the Au electrode to the TSM sensor.      

4.2.2 TSM Sensor Chamber 

 The chamber consists of two screw-fastened matching halves which are computer 

numerical control (CNC) machined to house the TSM sensors.  Each acrylic half is 2.5 cm 

thick with rounded edges on two corners and dimensions of 6.9 cm x 2.2 cm.  The inner side 

of each half has two o-ring grooves which house each TSM sensor with diameter from outer 

edge to outer edge of 1.1 cm.  The distance between the right outer edge of one o-ring to the 

left outer edge of the other o-ring is 3 cm.  On opposite faces of the acrylic halves are 2 cm x 

1 cm rectangular slots for insertion of the QCM and PMN-PT microbalance plugs.  There are 

four ports for entry and exit of the chemical vapors on each acrylic half and each one has a 

female luer thread style with 5/16" hex to 1/4-28 UNF thread.  A picture of the TSM sensor 

chamber is shown in Figure 4.11. 

 

 
Figure 4.11. TSM sensor chamber; [left] separated acrylic halves and PMN-PT 

microbalance, [right] joined acrylic halves.  

4.2.3 Chemical Agent Chamber 

A Teflon bottle cap with threaded vents and a 100 ml Corning bottle are used for the 

chemical agent chamber in both experiments.  During the acetone exposure experiment, 40 

ml of acetone is placed inside the chamber and two of the vents are connected to tubing 

routed to the TSM sensor chamber.  The chamber is heated from a surrounding water bath at 

temperatures just above the boiling point of the chemical agent.  The heated vapors flow in 



 

 

34 

one direction toward the TSM sensor due to one way check valves positioned along the 

tubing route.  The vapors are then circulated back to the chemical agent chamber via a pump-

less mechanism using convection force.  An ice pack wrapped around the return end of the 

tubing drives the unidirectional vapor flow through creation of an area of lower temperature 

and pressure within the system.  Figure 4.12 shows images of the chemical agent chamber 

used during the acetone exposure trials for the acetone exposure experiment. 

 

 
Figure 4.12. Chemical agent chamber during the acetone exposure experiment.  

The Teflon cap and Corning bottle are solvent resistant in order to withstand the 

heated acetone, methanol, and isopropyl alcohol (IPA) vapors from both experiments.  The 

volume of the water bath covers the chamber bottle up to just beneath where the cap fits in 

order to uniformly heat as much of the chamber as possible without risk of water seeping 

inside.  Varying liquid quantities of all three solvents are used during the VOCs exposure 

experiment and a parts per million (ppm) concentration is determined based on the volume of 

the chamber along with the rest of the experimental apparatus.  The chamber is thoroughly 

rinsed and air dried between each trial in order to eliminate the possibility of cross-

contamination between solvent exposures. 

4.2.4 Frequency Recording Apparatus 

The frequency recording apparatus for the experimental setup consists of an 

electronic module and a PC interfaced frequency counter (EZ Digital FC-3000).  The 

electronic model schematic is based on a crystal oscillator circuit which connects directly to 

the TSM sensor and amplifies the signal change in the form of frequency.  Results are 
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recorded via the frequency counter and its accompanying software through an RS232 cable 

connection to a laptop computer.  Frequency measurements for the TSM sensors are recorded 

for a total of eight minutes per trial during the acetone exposure experiment and 20 minutes 

per trial during the VOCs exposure experiment. 

The EZ Digital FC-3000 is a 3 GHz frequency counter with a frequency measuring 

range between 0.1 Hz ~ 100 MHz in A input and 80 MHz ~ 3.0 GHz in C input.  It has a 9-

digit LED display with 0.01 mHz resolution for every second and a self-check function 

executed to perform an automatic self-diagnosis of various counter functions.  The frequency 

counter uses a reciprocal technique for high resolution at low counting frequencies and a 

low-pass filter (100 kHz, -3dB) is installed for removing noise signal in low frequency 

measuring. 

A nine volt direct current (DC) power supply is plugged into the electronic module to 

drive the crystal oscillator circuit.  As previously described in Section 3.3, TSM sensors 

typically employ piezoelectricity in the alternating current (AC) mode.  This is due to the fact 

that charge leaks from the system and only a transient voltage gets produced when a steady 

force is applied.  An AC voltage applied across the electrodes in a TSM sensor induces a 

shear deformation as part of the converse piezoelectric effect.  Figure 4.13 shows the 

connected electronic module, frequency counter, and associated frequency counter software 

used for this experimental setup.   

 

 
Figure 4.13. Frequency recording apparatus; [left] TSM sensor chamber and electronic 

module, [center] frequency counter, [right] frequency counter software.  

4.2.5 Additional Experimental Materials 

 Between exposure trials, the TSM sensor must be cleared through desorption of the 

adsorbed analyte.  Past studies with QCM chemical sensors have used dry air flow or 
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chloroform solution with acetone as a drying agent in order to regenerate the electrode [21, 

33].  Due to the very high delicacy of the TSM sensors used in this research, another non-

invasive method for desorbing the analyte without removing the PMN-PT microbalance from 

the TSM sensor chamber is employed.   

For the acetone vapor exposure to non-functionalized TSM sensors experiment, all 

ports of the TSM sensor chamber are left open for 24 hours in order to allow ambient air to 

desorb the analyte molecules from the Au electrode.  For the varying concentrations of 

chemical vapor exposure to PMMA functionalized TSM sensors experiment, the entire TSM 

sensor chamber is placed inside of a vacuum bell jar for six hours in order to completely 

desorb the analyte molecules from the thin PMMA polymer layer.  Utilizing these methods 

for both experiments, the TSM sensors are returned to the initial resonant frequency values.  

Figure 4.14 shows the TSM sensor chamber placed inside the vacuum bell jar between each 

vapor exposure trial for the PMMA functionalized TSM sensors experiment. 

 

 
Figure 4.14. Vacuum bell jar for desorption of chemical vapors.  

Chemical vapors which escape from the heated chemical agent chamber travel 88 cm 

through solvent resistant tubing to reach the TSM sensor chamber.  The piezoelectric TSM 

sensors are thermally dependent, so it is desirable to maintain near room temperature 

throughout each experimental trial.  The vapor temperature needs to be measured at the point 

of contact with the TSM sensor, but it is not possible to insert a thermocouple sensor directly 
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inside the TSM sensor chamber.  An alternative method is to use a thermocouple 

thermometer separated from the TSM sensor chamber.   

The thermocouple sensor first records the room temperature. Then prior to exposure 

of the TSM sensor to vapors, a three way stopcock is turned to direct the flow of heated 

vapors to the thermocouple thermometer attached to a T-junction separated from the 

stopcock by 7.5 cm of tubing.  This 7.5 cm length of tubing equals the length of tubing from 

the other port of the stopcock to the TSM sensor chamber.  Thus, the thermocouple 

thermometer is positioned at the exact same position as the vapor point of contact with the 

TSM sensor.  The temperature of the heated vapors is recorded and compared to the initial 

room temperature measurement.  Figure 4.15 shows the thermocouple thermometer used for 

this research. 

 

 
Figure 4.15. Thermocouple thermometer.  

 Solvent resistant materials which can withstand the heated vapors of acetone, 

methanol, and IPA are used for this research.  A total of 219.5 cm of ¼ inch inner diameter 

(ID) Masterflex Tygon fuel and lubricant tubing is used to connect the chemical agent 

chamber with the three way stopcock, TSM sensor chamber, and miniature check valves.  

Other solvent resistant materials such as polypropylene (PP) and nylon are used for the PP 

luer connectors, PP three way stopcock, and nylon miniature check valves.  PP is a 

thermoplastic polymer which is stiffer than some plastics, however, it is susceptible to chain 

degradation from exposure to UV radiation.  Nylon is also a thermoplastic polymer which 
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consists of repeating units linked by peptide bonds.  Figure 4.16 shows all the solvent 

resistant parts used in this research.    

 

 
Figure 4.16. Solvent resistant experimental parts; a) fuel and lubricant tubing, b) 

female luer, c) male luer, d) three way stopcock, e) miniature check valve.  
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CHAPTER 5 

EXPERIMENTAL PROCEDURE 

This chapter describes the experimental procedure used during both experiments.  

First, acetone vapor was exposed to non-functionalized TSM sensors.  Second, varying 

concentrations of acetone, methanol, and isopropyl alcohol (IPA) vapor were exposed to 

PMMA functionalized TSM sensors. 

5.1 ACETONE VAPOR EXPOSURE TO NON-

FUNCTIONALIZED TSM SENSORS 

There are three challenges which need to be addressed in the design of the non-

functionalized TSM sensor exposure to acetone vapors experiment.  First, the delivery of 

acetone vapors directly to the TSM sensor has to be done in as simple a manner as possible 

without the use of a gas pump.  Second, the temperature of the vapors has to be kept close to 

ambient level so that the thermally dependent piezoelectric TSM sensor remains unaffected 

during the course of exposure to a vapor analyte.  And third, the application of heat to a 

chemical agent chamber containing acetone or any other volatile organic compounds (VOCs) 

has to be done in a safe and repeatable manner to create vapors at a stable temperature just 

above the chemical boiling point.   

The first challenge was addressed through general consideration of the properties of 

gases.  The experimental setup used a sealed system which included the chemical agent 

chamber, solvent resistant tubing, TSM sensor chamber, polypropylene (PP) luers and nylon 

miniature check valves.  Movement of gases occurs when the equilibrium of a system is 

disrupted through a change in the pressure, volume, or temperature.  Three gas laws 

developed by Boyle, Charles, and Gay-Lussac relate each of these thermodynamic variables 

to another mathematically while holding everything else constant.  Boyle’s Law states that 

pressure and volume are inversely proportional to each other, as shown in Equation 5.1: 

2211 VPVP =              (5.1) 

Charles’ Law relates volume and temperature as being directly proportional to each 

other in Equation 5.2: 
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And Gay-Lussac’s Law states that pressure and temperature are proportional at a 

constant volume in Equation 5.3: 
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The combined gas law relates all three of the prior equations into one for comparing 

the same substance under two different sets of conditions in Equation 5.4: 
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Using Equation 5.4, it is evident that an increase in temperature leads to gas 

expansion and an increase in pressure, while a decrease in temperature leads to a decrease in 

pressure.  This experiment did not use a pump or vacuum to create a pressure differential, so 

a change in temperature was chosen to modulate the pressure.  The chemical agent chamber 

was heated to push vapors out and cold compresses were wrapped around a section of the 

tubing to draw vapors toward it.  Thus, the vapors were driven from an area of high pressure 

to one of low pressure.  Additionally, a one way miniature check valve was positioned just 

after the cold compresses in order to draw the vapors to circulate in one direction.  Figure 5.1 

shows a diagram of the acetone exposure experiment. 

 

 
Figure 5.1. Acetone exposure to non-functionalized TSM sensors experimental diagram.  
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The second challenge was to keep the temperature of the vapors exposed to the TSM 

sensors close to room temperature.  The TSM sensor chamber was separated from the 

chemical agent chamber by 88 cm of tubing in order to let heat from the vapors dissipate as it 

traveled to the TSM sensors.  The exact temperature of the vapors exposed to the TSM 

sensors was not measured during the acetone exposure experiment.  However, an assumption 

was made that the increased temperature of the exposed vapors would not affect the 

piezoelectric properties of the thermally dependent TSM sensors.  This assumption was later 

confirmed to be correct when a thermocouple thermometer was added to the experimental 

setup for the VOCs exposure experiment.  This as well as other changes to the setup between 

the two experiments will be discussed in further detail in Section 5.2 

The last challenge was to find a way to maintain the stability of acetone inside the 

chemical agent chamber at a temperature just above its boiling point.  Application of direct 

heat to the chemical agent chamber can be dangerous due to the flammability of volatile 

organic compounds (VOCs) such as acetone and other common solvents.  Thus, an indirect 

method of heating the chemical agent chamber at a slower and more stable pace needed to be 

developed.  A heated water bath was determined to be the best way to maintain a steady 

surrounding source of heat for the chemical agent chamber.  The chemical agent chamber 

with acetone was placed inside the heated water bath so that heat would transfer from the 

water through the glass of the chamber.  This provided a safer and more effective way to heat 

the entire chamber, as opposed to a hot plate which applies heat directly to only the bottom of 

the chamber.  

5.1.1 Acetone Exposure Experimental Protocol 

A pump-less mechanism for circulating acetone vapors from a heated chemical agent 

chamber, through a TSM sensor chamber, and then back again to the chemical agent chamber 

was developed in our experimental setup.  The miniature one way check valve placed near 

the return inlet to the chemical agent chamber was designed to prevent backflow of acetone 

vapors in a counter-clockwise direction, according to the layout of the diagram in Figure 5.1. 

Each trial used 40 ml of acetone placed in the 100 ml chemical agent chamber for exposure 

to either the QCM or PMN-PT TSM sensors.  The flow of acetone vapors from an area of 

high pressure to one of low pressure was driven by the combined gas law properties 



 

 

42 

described in Section 5.1.  Each trial to expose the TSM sensors to acetone was done 

according to the following steps: 

1. Heat the water bath to just above acetone boiling point temperature 
2. Connect the frequency recording apparatus as shown in Figure 5.1 
3. Wrap the cold compresses around a designated section of tubing 
4. Place the chemical agent chamber with 40 ml acetone inside the heated 

water bath 
5. Wait for bubbles to escape from the tubing of the chemical agent chamber 
6. Attach the TSM sensor chamber to the tubing and the electric module 
7. Record the frequency change of the TSM sensor for 8 minutes 

The setup for the acetone exposure experiment is shown in Figure 5.2. 

 

 
Figure 5.2. Acetone exposure to non-functionalized TSM sensors experimental setup.  

5.2 VOCS VAPOR EXPOSURE TO PMMA 

FUNCTIONALIZED TSM SENSORS 

The three challenges addressed in the design of the acetone exposure experiment, 

described in Section 5.1, needed to be reconsidered for the design of the VOCs exposure 

experiment.  The first challenge to circulate the vapors without the use of a pump depended 

on the flow occurring primarily in one direction out of the chemical agent chamber.  One of 

the vents allowed the vapors to flow the wrong way until reaching a miniature one way check 

valve placed inside the tubing on that side.  The vapors on the wrong way side did not push 

past the check valve, which was according to the experimental design.  But, the increased 

pressure from the remaining vapor flow out of the heated chemical agent chamber prevented 
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the return of the vapors on the wrong way side back to the heated chamber.  These wrong 

way vapors condensed inside the tubing between the check valve and the chemical agent 

chamber vent, remaining stuck there throughout the experiment.  These condensed vapors 

were isolated from exposure to the TSM sensors and may have affected the proposed 

circulation of the returning vapors from the TSM sensor chamber back toward the chemical 

agent chamber.  Thus, the connecting tubing on the wrong way side was removed and its vent 

from the chemical agent chamber was sealed so that there would be only one way for the 

vapors to flow toward the TSM sensors in the VOCs exposure experiment. 

The second challenge was to ensure the vapors exposed to the TSM sensors were kept 

close to room temperature.  The 88 cm of tubing from the chemical agent chamber to the 

TSM sensor chamber was cut into two pieces of 80.5 cm and 7.5 cm, and a separate 7.5 cm 

piece of solvent resistant tubing was also prepared.  The two 7.5 cm pieces were connected to 

a thermocouple thermometer and the TSM sensor chamber, while the 80.5 cm piece was 

connected to the outlet vent of the chemical agent chamber.  All three pieces were then 

attached to the ports of a three way stopcock so that vapor flow from the chemical agent 

chamber could be switched to the thermocouple thermometer or the TSM sensor chamber at 

equal 7.5 cm distances.  This allowed for a precise calculation of vapor temperature exposed 

to the TSM sensors and comparison with the room temperature for the system prior to 

initiation of the VOCs exposure experiment. 

The third challenge was to heat the chemical agent chamber containing volatile 

organic compounds (VOCs) in a safe and repeatable manner to create vapors at a stable 

temperature just above the chemical boiling point.  This was for the most part accomplished 

in the acetone exposure experimental design through use of a heated water bath.  However, 

some changes still needed to be made for the VOCs exposure experiment.  A layer of plastic 

wrap was stretched over the top of the water bath to expedite the heating process and to keep 

the water temperature from dropping due to cooling from the outside environment.  Also, the 

chemical was refreshed with a new sample between trials due to an observation that the 

boiling point for a reused chemical would increase with each successive trial.  This may have 

occurred because the chemical inside the chemical agent chamber reacted with the inner 

coating of the Teflon cap.  The appearance of the chemical changed slightly between trials in 

the acetone exposure experiment, so this residue may have led to slightly different chemical 
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properties than a pure sample.  Figure 5.3 shows a diagram of the acetone, methanol, and IPA 

exposure experiment. 

 

 
Figure 5.3. VOCs exposure to non-functionalized / PMMA functionalized TSM sensors 

experimental diagram.  

5.2.1 VOCs Exposure Experimental Protocol 

VOCs vapor exposure to the PMMA functionalized TSM sensors mirrored the 

process described in Section 5.1.1, except for a few design adjustments which were indicated 

in Section 5.2.  Other details from the acetone exposure experiment were also expanded upon 

for testing in the VOCs exposure experiment.  Instead of only testing with 40 ml of acetone, 

the VOCs exposure experiment used three different volumes (40 ml, 10 ml, and 2.5 ml) of 

three different VOC chemical agents (acetone, methanol, and IPA).  The exposure time was 

also increased from 8 minutes to 20 minutes for each trial.  The adjustments indicated in 

Section 5.2 assisted in the unidirectional delivery of vapor flow to the TSM sensor chamber. 

VOC chemical agent vapors flowed out from a heated chemical agent chamber, 

through the TSM sensor chamber, and stopped at the miniature check valve placed at the end 

of the system, as previously indicated in Figure 5.3.  Each trial used either 40 ml, 10 ml, or 

2.5 ml of acetone, methanol, or IPA placed in the 100 ml chemical agent chamber for 
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exposure to the PMMA functionalized PMN-PT TSM sensor.  One trial exposed both the 

PMMA functionalized PMN-PT and QCM sensors to 40 ml of acetone, and this comparison 

will be described in further detail in Section 6.2.1.  The flow of VOC vapors still went from 

an area of high pressure in the heated chemical agent chamber to one of relatively lower 

pressure at the end of the system, despite the removal of the cold compress from the VOCs 

exposure experiment.  Each trial to expose the TSM sensors to VOC chemical agents was 

done according to the following steps: 

1. Heat the water bath to just above the VOC boiling point temperature 
2. Connect the frequency recording apparatus as shown in Figure 5.3 
3. Turn on the thermocouple thermometer to measure the room temperature 
4. Place the chemical agent chamber with (40 ml, 10 ml, or 2.5 ml) VOC 

inside the heated water bath 
5. Wait for bubbles to escape from the tubing of the chemical agent chamber 
6. Measure the vapor temperature with the thermocouple thermometer 
7. Attach the TSM sensor chamber to the tubing and the electric module 
8. Turn the stopcock valve to direct the vapor flow toward the TSM sensor 
9. Record the frequency change of the TSM sensor for 20 minutes 

The setup for the acetone, methanol, and IPA exposure experiment is shown in Figure 

5.4. 

 

 
Figure 5.4. VOCs exposure to non-functionalized / PMMA functionalized TSM sensors 

experimental setup.  
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CHAPTER 6 

RESULTS AND DISCUSSION 

This chapter displays results from experiments performed between May and 

November 2008 at San Diego State University.  Experiments were performed according to 

the experimental procedure outlined in Chapter 5. 

6.1 ACETONE VAPOR EXPOSURE TO NON-

FUNCTIONALIZED TSM SENSORS 

The TSM sensors used for the acetone exposure experiment were a 20 MHz QCM 

and a 14.5 MHz PMN-PT microbalance.  Two control trials were recorded for 8 minutes for 

each TSM sensor exposed to room temperature air.  These measurements were made in order 

to determine the amount of frequency drop the TSM sensors experienced during no acetone 

exposure.  The results for these control trials for the QCM and PMN-PT TSM sensors will be 

presented in Section 6.1.1.  Both TSM sensors were then exposed to 40 ml of acetone vapors 

for 8 minutes.  Two trials at different water bath temperatures were conducted for each TSM 

sensor to compare the frequency drop at different vapor temperatures.  The results for the 

QCM and PMN-PT TSM sensors exposure to acetone vapors will be presented in Section 

6.1.2.   

6.1.1 TSM SENSOR CONTROL TRIALS  

Each TSM sensor was enclosed within the TSM sensor chamber and exposed only to 

air at room temperature of 22.0 °C.  Frequency data was obtained over the course of 8 

minutes via the frequency recording apparatus described in Section 4.2.5.  These control trial 

measurements were obtained prior to exposure of the TSM sensors to heated acetone vapors.  

Thus, baseline values for each TSM sensor could be established for comparison to the later 

frequency measurements of the acetone exposure trials.  Table 6.1 shows the results from two 

separate trials for average frequency, maximum and minimum frequencies, frequency 

differences, and percent frequency differences for the QCM and PMN-PT TSM sensors. 
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Table 6.1. Frequency Values for TSM Sensor Control Trials. 

TSM Sensor 

Device 

Run 

# 

Avg. Freq. 

(MHz) 

Max Freq. 

(MHz) 

Min Freq. 

(MHz) 

Difference 

(kHz) 

Difference 

(%) 

PMN-PT 1 14.50989 14.54934 14.47883 39.72 0.275 

 2 14.45419 14.46916 14.42944 70.51 0.485 

QCM 1 19.95673 19.95673 19.95672 0.01 5.01 x 10-5 

 2 19.95689 19.95690 19.95688 0.02 1.00 x 10-4 

 

The results shown in Table 6.1 indicate that the QCM TSM sensor was more stable 

than the PMN-PT TSM sensor.  The percent frequency differences for both trials of the QCM 

TSM sensor were much smaller than for the PMN-PT TSM sensor.  A comparison of the 

control trial frequencies for the QCM and PMN-PT TSM sensors indicates that PMN-PT is a 

much more sensitive material to the surrounding environment than α-quartz. 

6.1.2 ACETONE EXPOSURE TO TSM SENSORS 

Acetone vapors were next exposed to the QCM and PMN-PT TSM sensors during 

two separate trials.  The first and second trials consisted of acetone vapors heated by a hot 

water bath to temperatures of 75 and 85 ºC, respectively, before being exposed to both TSM 

sensors.  Table 6.2 shows the results from the two separate water bath temperature trials for 

maximum and minimum frequencies, frequency differences, and percent frequency 

differences for the QCM and PMN-PT TSM sensors.   

 

Table 6.2. Frequency Values for Acetone Exposure to TSM Sensors. 

TSM Sensor 

Device 

Hot water 

Temp. (ºC) 

Max Freq. 

(MHz) 

Min Freq. 

(MHz) 

Difference 

(kHz) 

Difference 

(%) 

PMN-PT 75 14.34797 13.81987 528.1 3.68 

 85 14.47498 13.82541 649.57 4.49 

QCM 75 19.95674 19.95671 0.03 1.50 x 10-4 

 85 19.95686 19.95680 0.06 3.00 x 10-4 
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The results for both trials shown in Table 6.2 indicate that the PMN-PT TSM sensor 

underwent a much steeper drop in frequency than did the QCM TSM sensor during exposure 

to acetone vapors.  The percent frequency differences for both trials of the PMN-PT TSM 

sensor were much larger than for the QCM TSM sensor.  This confirms the assessment made 

during the TSM sensor control trials that PMN-PT is much more sensitive to its environment 

than α-quartz.  Additionally, an increase in the hot water bath temperature produced a higher 

pressure in the chemical agent chamber and more acetone vapors, which caused an increase 

in the percent frequency difference for both TSM sensors.  However, both TSM sensors 

stabilized at similar minimum frequencies between the first and second trials, regardless of 

the water bath temperature. 

For the PMN-PT TSM sensor, subtraction of the Table 6.1 average control trial 

frequency difference from the Table 6.2 frequency difference for each acetone exposure trial 

indicates a net frequency change of approximately 470 kHz and 590 kHz for the first and 

second acetone exposure trials, respectively.  Figure 6.1 shows a comparison of the average 

PMN-PT control trial frequency difference and the frequency differences for the first and 

second acetone exposure trials, respectively.   

 

 
Figure 6.1. Acetone exposure to non-functionalized PMN-PT. 

Figure 6.1 indicates that the PMN-PT TSM sensor frequency difference for acetone 

exposure was more than 9.5 times and 11.5 times larger than the average control trial 
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frequency difference for the first and second trials, respectively.  This is a measure of the 

magnitude of sensitivity for the PMN-PT TSM sensor versus its control.  The difference 

between the magnitude of sensitivity and the net frequency change is defined here for future 

reference in this chapter.   

The magnitude of sensitivity divides an experimental trial frequency change either by 

a corresponding control or by an experimental measurement with the exact same functional 

parameters and exposure conditions.  For example, the magnitude of sensitivity was 

determined in Figure 6.1 for acetone exposure to PMN-PT versus the average of the control 

trials for PMN-PT.  Other magnitude of sensitivity calculations can be made when comparing 

PMN-PT and QCM TSM sensors.  The PMN-PT control frequency change can be divided by 

the QCM control frequency change, much like the acetone exposure to PMN-PT frequency 

change can be divided by the acetone exposure to QCM frequency change.  The only 

guideline for magnitude of sensitivity comparisons between materials is that they each 

undergo the same exposure conditions and that they each have the same functionalized or 

non-functionalized surfaces.   

The net frequency change differs from the magnitude of sensitivity in a few 

fundamental ways.  Net frequency change subtracts a control trial frequency change from its 

corresponding experimental trial frequency change.  The material must have the same 

functionalized or non-functionalized surface, but comparisons between materials cannot be 

made as they can with magnitude of sensitivity calculations.  Subtraction of the control 

frequency change from its corresponding experimental trial frequency change reveals the net 

effect of the vapor exposure on the particular TSM sensor.  The net frequency change 

calculations for PMN-PT and QCM TSM sensors which undergo the same exposure 

conditions and have the same functionalized or unfunctionalized surfaces can then be 

compared via magnitude of sensitivity calculations. 

For the QCM TSM sensor in the acetone exposure experiment, the net frequency 

change was found to be 0.015 kHz and 0.045 kHz for the first and second acetone exposure 

trials, respectively.  Figure 6.2 shows a comparison between the average QCM control trial 

frequency differences and the frequency differences for the first and second acetone exposure 

trials. 
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Figure 6.2. Acetone exposure to non-functionalized QCM.  

Figure 6.2 indicates that the magnitude of sensitivity for the QCM TSM sensor during 

the acetone exposure trials was 2 times and 4 times that of its control trial average.  Further 

magnitude of sensitivity comparisons between the PMN-PT and QCM control trials average, 

frequency change for the acetone exposure trials, and net frequency change for the acetone 

exposure trials will be made in the discussion of the acetone exposure experiment in Section 

6.3.2.  Additionally, further analysis of the three stages of frequency change progression 

which occur during the exposure of both TSM sensors to acetone will be made with 

frequency charts in Section 6.3.2. 

6.2 VOCS VAPOR EXPOSURE TO PMMA 

FUNCTIONALIZED  TSM SENSORS 

The TSM sensors used for the VOCs exposure experiment were a 10 MHz QCM and 

a 20.5 MHz PMN-PT microbalance.  An approximately 110 nm thick functional PMMA 

layer was spin-coated onto the QCM and PMN-PT TSM sensors, as described in Section 

4.1.3.  PMMA functionalized and non-functionalized TSM sensors were exposed to 40 ml of 

acetone in order to gauge the effect of the added PMMA functional layer on both TSM 

sensors.  Additionally, the PMMA functionalized and non-functionalized PMN-PT TSM 

sensor was exposed to 40 ml of methanol, and isopropyl alcohol (IPA).  The PMMA 

functionalized and non-functionalized TSM sensors were desorbed of chemical analytes for 
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24 hours between trials, including 3 hours spent in the vacuum bell jar.  These results will be 

summarized in more detail in Section 6.2.1.   

The PMMA functionalized PMN-PT TSM sensor was also exposed to varying 

concentrations of acetone, methanol, and IPA.  For these experimental trials, the PMMA 

functionalized PMN-PT TSM sensor was again desorbed of chemical analytes for 24 hours 

between trials and the time spent in the vacuum bell jar was increased from 3 to 6 hours.  The 

first set of trials, Run 1, exposed the PMMA functionalized PMN-PT TSM sensor to 40 ml of 

acetone, methanol, and IPA.  The second and third sets of trials, Run 2 and Run 3, repeated 

the exposure of the PMMA functionalized PMN-PT TSM sensor to all three chemical agents 

at 10 ml and 2.5 ml, respectively.  The sensitivity of the PMMA functionalized PMN-PT 

TSM sensor to different VOC vapors at different concentrations will be summarized in more 

detail in Section 6.2.2.  All trials in the VOCs exposure experiment were recorded for 20 

minutes using the frequency recording apparatus described in Section 4.2.5. 

6.2.1 ACETONE EXPOSURE TO NON-FUNCTIONALIZED / 

PMMA FUNCTIONALIZED TSM SENSORS 

PMMA functionalized and non-functionalized TSM sensors were enclosed within the 

TSM sensor chamber and exposed to air at room temperature of 21.8 °C.  Frequency change 

data was obtained from this air only room temperature control and compared with frequency 

change data during exposure to 40 ml of acetone vapors.  Table 6.3 shows the frequency 

change results for addition of the PMMA polymer layer, exposure to the air only room 

temperature control, and exposure to 40 ml of acetone vapors for the PMMA functionalized 

and non-functionalized TSM sensors.  

 

Table 6.3. Frequency Values for Non-Functionalized / PMMA Functionalized TSM 

Sensors. 

TSM 

Sensor 
Coating 

∆fpoly (kHz) after 

PMMA coating 

∆fcontrol (kHz) 

with no acetone 

∆fgas (kHz) with 

240,000 ppm acetone 

PMN-PT Uncoated  179.59 443.11 

 PMMA 185.87 209.32 409.9 

QCM Uncoated  0.01 0.04 

 PMMA 2.67 0.01 0.06 
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Table 6.3 indicates that the frequency change for the exposure to air only at room 

temperature was slightly higher for the PMMA functionalized PMN-PT TSM sensor 

compared to the non-functionalized PMN-PT TSM sensor, while there was no difference 

between the frequency change of the PMMA functionalized QCM TSM sensor and the non-

functionalized QCM TSM sensor.  Thus, both TSM sensors remained relatively stable when 

functionalized with a PMMA layer.  Exposure to acetone vapor with and without the PMMA 

polymer layer showed a much larger frequency drop in the PMN-PT TSM sensor than the 

QCM TSM sensor.  This confirms the previous findings from the acetone exposure 

experiment that the PMN-PT TSM sensor is much more sensitive to all kinds of surface 

perturbations than the QCM TSM sensor.   

A larger frequency change occurred when acetone was exposed to the non-

functionalized PMN-PT than when it was exposed to the PMMA functionalized PMN-PT.  

Also, a smaller frequency change occurred during the control trial for the non-functionalized 

PMN-PT than for the PMMA functionalized PMN-PT.  This indicates that exposure to 

acetone vapors actually produces a larger magnitude of sensitivity for the non-functionalized 

PMN-PT than the PMMA functionalized PMN-PT.  The gold electrode layer of the non-

functionalized PMN-PT bound acetone vapor molecules slightly more effectively than the 

PMMA layer spin-coated onto the PMN-PT.  However for the QCM, the PMMA 

functionalized state had a slightly higher frequency change at 60 Hz than the frequency 

change of the non-functionalized state at 40 Hz.  Comparisons of the PMN-PT and QCM 

frequency change values across the same exposure and functionalized conditions were also 

made to determine magnitude of sensitivity values.  These and other comparisons will be 

analyzed in further detail in Section 6.3.3. 

The 40 ml of acetone within the total volume of the experimental setup was 

calculated to be a concentration of approximately 240,000 ppm.  This amount of acetone was 

sufficient to saturate the gold electrode or PMMA surface layer of the TSM sensors such that 

the frequency stabilized near the conclusion of the 20 minute exposure trials.  Due to the fact 

that both the PMMA functionalized and non-functionalized QCM TSM sensor showed very 

little sensitivity to acetone, further chemical exposure trials were conducted only with the 

PMMA functionalized and non-functionalized PMN-PT TSM sensor.  Additional 240,000 



 

 

53 

ppm exposure trials with methanol and IPA were run for both the PMMA functionalized and 

non-functionalized PMN-PT.    The results of these trials are shown in Figure 6.3.  All of the 

chemical exposure trials were conducted with the same between trial setup described earlier 

of a 24 hour analyte desorption period under ambient conditions, along with a 3 hour 

thorough desorption period within a vacuum bell jar.   

 

 
Figure 6.3. VOCs exposure to non-functionalized / PMMA functionalized PMN-PT.  

The frequency change values from Figure 6.3 indicate that methanol exposure caused 

both the PMMA functionalized and non-functionalized PMN-PT TSM sensor to undergo the 

largest frequency drop out of all three chemicals.  IPA exposure provoked a larger frequency 

drop than acetone in the PMMA functionalized PMN-PT trials, but acetone reversed that 

trend with a larger frequency drop during the non-functionalized PMN-PT trials.  The 

magnitude of sensitivity values for each chemical exposure compared to the corresponding 

PMMA functionalized or non-functionalized control trials will be analyzed in further depth 

in Section 6.3.3. 

6.2.2 VOCS EXPOSURE TO PMMA FUNCTIONALIZED 

PMN-PT 

Based upon the potential of the preliminary results from the experimental trials 

described in Section 6.2.1, another set of experimental trials was undertaken to expose the 

PMMA functionalized PMN-PT TSM sensor to varying concentrations of acetone, methanol, 

and IPA.  The first set of trials at 240,000 ppm (40 ml) would be repeated as Run 1, along 

with another set of trials at 60,000 ppm (10 ml) as Run 2, and a final set of trials at 15,000 
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ppm (2.5 ml) as Run 3.  Additionally, a longer period of vacuum desorption would be applied 

between trials in order to completely clear the analyte from the chemical detection element 

PMMA layer and restore the PMN-PT TSM sensor frequency to a consistent initial value.  

The first three sub-sections summarize the results of chemical exposure at Run 1, 2, and 3 

concentrations.  The last sub-section analyzes all three runs together for each type of 

chemical exposure in order to determine sensitivity trends at varying concentrations.  

Comparisons are also made between the chemicals to show specificity for the PMMA layer. 

6.2.2.1 RUN 1 VOCS EXPOSURE TO PMMA 

FUNCTIONALIZED PMN-PT 

The first set of trials, or Run 1, consisted of acetone, methanol, and IPA exposure to 

the PMMA functionalized PMN-PT TSM sensor at 240,000 ppm concentration.  This Run 1 

was conducted at the same concentration as the experimental trials from Section 6.2.1 and 

also used the same experimental setup.  The only difference between those previous 

experimental trials and these Run 1 trials was the duration of desorption time within a 

vacuum bell jar between trials.  The amount of vacuum time was increased from 3 hours to 6 

hours between exposure trials in order to sufficiently desorb the PMMA layer and 

consistently restore the PMMA functionalized PMN-PT TSM sensor to its initial pre-testing 

value.  For Run 1 concentration, Figure 6.4 indicates that the largest frequency drop came 

from exposure to methanol.  IPA and acetone were second and third, respectively, in terms of 

sensitivity for the PMMA layer through adsorption to the chemical detection element.  This 

order of chemical sensitivity for Run 1 matches the order from the results shown in Figure 

6.3 for exposure of 240,000 ppm acetone, methanol, and IPA to the PMMA functionalized 

PMN-PT TSM sensor.  The sequence of chemicals exposed to the PMMA PMN-PT TSM 

sensor was also randomized between the previous experimental trials and each set of Run 1, 

2, and 3 trials in order to avoid any chemical exposure sequence effects. 
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Figure 6.4. Run 1 VOCs exposure to PMMA functionalized PMN-PT.  

6.2.2.2 RUN 2 VOCS EXPOSURE TO PMMA 

FUNCTIONALIZED PMN-PT 

Run 2 trials used the same experimental protocol and setup as the previously 

described Run 1 trials, except at ¼ the chemical vapor concentration.  The sequence of the 

chemical exposure was again randomized and 60,000 ppm of acetone, methanol, and IPA 

was exposed to the PMMA functionalized PMN-PT TSM sensor.  For this set of trials, 

Figure 6.5 shows that the frequency drop for exposure to all three chemicals was smaller 

compared to the Run 1 trials.  This seems to be an expected result since ¼ the concentration 

of chemical vapors should result in a decrease in sensitivity due to less vapor molecules 

available to adsorb to the PMMA surface layer.  Another difference between the Run 1 and 

Run 2 trials was that the order of sensitivity among acetone, methanol, and IPA changed.  

Acetone demonstrated slightly more sensitivity than methanol and IPA, although the 

frequency change difference between the three chemicals was much less during the Run 2 

trials compared to the Run 1 trials.  The shape of the frequency change curve for all three 

chemicals is relatively similar.  A rapid frequency drop takes places in the first 200 seconds 

whereby ⅔ to ¾ of the total frequency change occurs. Then the remaining 1000 seconds 

consists of the PMN-PT frequency stablizing as the chemical slows down its adsorption to 

the PMMA layer.    
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Figure 6.5. Run 2 VOCs exposure to PMMA functionalized PMN-PT.  

6.2.2.3 RUN 3 VOCS EXPOSURE TO PMMA 

FUNCTIONALIZED PMN-PT 

Run 3 trials conducted at a chemical exposure concentration of 15,000 ppm exhibited 

unusual results.  The descreasing frequency drop trend evidenced in the Run 1 and Run 2 

trials was reversed in the Run 3 trials, despite the fact that 1/16 of the Run 1 vapor 

concentration and ¼ of the Run 2 vapor concentration was used.  Figure 6.6 indicates that the 

order of chemical sensitivity resembled the Run 1 trials as methanol experienced the greatest 

frequency drop, followed by acetone and IPA.  However, an explanation for the large 

increase in frequency drop during exposure to trace amounts of all three chemicals can be 

summarized with a few key points.  The Run 3 trials were the last of the chemical exposure 

tests on the PMMA functionalized PMN-PT TSM sensor and these made up the 13th, 14th, 

and 15th trials of 20 minutes that the non-functionalized or PMMA functionalized PMN-PT 

TSM sensor was exposed to acetone, methanol, or IPA vapors.  The 12 trials which preceded 

the Run 3 trials represented 240 minutes of total testing time, or 4 hours, that the PMN-PT 

resonator was plugged into the electric module and made to oscillate at its resonant 

frequency.  It is therefore possible that significant hysteresis effects accumulated due to the 

mechanical strain effects from the previous 12 TSM mass sensing trials. 
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Figure 6.6. Run 3 VOCs exposure to PMMA functionalized PMN-PT.  

In total, the sensitivity rankings for exposure to the three chemicals during the Run 1, 

2, and 3 trials indicate that exposure to methanol causes the largest amount of frequency 

change across varying concentrations.  Meanwhile, exposure to IPA results in the smallest 

amount of frequency change, relative to the amount observed in acetone and methanol.  

Acetone sensitivity ranking fluctuates between all three sets of trials and falls somewhere in 

between methanol and IPA.  However, further analysis of magnitude of sensitivity values 

from all of the VOCs exposure experiment trials will help to clarify the differences in relative 

sensitivity between the three chemicals for PMMA.  Additionally, possible explanations for 

this increased sensitivity of methanol for PMMA will be considered and discussed at greater 

length in Section 6.3.3.    

6.2.2.4 INDIVIDUAL VOC SENSITIVITY AT VARYING  

RUN CONCENTRATIONS 

VOC exposure trials from Run 1, 2, and 3 are further analyzed by individual chemical 

rather than the previous analysis at individual concentrations.  Total frequency drop from the 

initial to the final frequency is the most obvious measure of chemical sensitivity for the 

PMMA chemical detection element layer on the PMN-PT sensor.  Frequency change is 

understood to indicate adsorption of chemical molecules to the mass sensing TSM substrate, 
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while a few other analysis methods can be utilized to find other indicators of sensitivity.  

Magnitude of sensitivity and net frequency change were introduced earlier in Section 6.1.2, 

but another analysis method is the percent frequency change for individual exposure trials.  

This consists of the experimental frequency change divided by the initial frequency of the 

TSM sensor.  As the number of VOCs exposure trials with PMMA functionalized PMN-PT 

added up, the initial resonant frequency of the PMN-PT resonator fluctuated slightly after 

each 6 hour period of desorption in the vacuum bell jar between trials.  The percent 

frequency change analyzes the frequency change of the PMMA functionalized PMN-PT 

relative to the value where its initial frequency started.  Thus, it is a useful means to account 

for the mild hysteresis effects which may accumulate over many exposure trials.   

Figure 6.7 shows the vapor exposure profiles in terms of total frequency change for 

various concentrations of acetone.  Strangely, the largest frequency change, as well as the 

largest percent frequency change, occurs during the Run 3 trial at the smallest vapor 

concentration.  The reasons for this unusual result may be attributed to a general material 

fatigue which could have occurred over the 4 hours of exposure trials for the PMN-PT TSM 

sensor.  Beyond that anomalous result for Run 3, the Run 1 and Run 2 exposure trials for 

acetone followed the expected order of greater frequency change for greater corresponding 

vapor concentration.   

 

 
Figure 6.7. Varying acetone concentration exposure to PMMA functionalized PMN-PT.  
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Figure 6.8 shows the Run 1, 2, and 3 trials for exposure to methanol.  The largest 

frequency change occurs once more during the unusual Run 3 trial discussed earlier, 

however, the largest percent frequency change actually occurs during the larget concentration 

Run 1 trial, as would be normally expected.  The Run 1 and Run 3 percent frequency change 

values are very close, while the Run 3 percent frequency change outpaces the Run 2 value by 

a very wide margin.  The slightly higher percent frequency change for Run 1 compared to 

Run 3 indicates that the PMMA functionalized PMN-PT TSM sensor becomes saturated with 

adsorbed methanol at large concentrations of methanol.  Additionally, the sensitivity of 

PMMA functionalized PMN-PT for methanol is relatively high at all three concentrations.   

 

 
Figure 6.8. Varying methanol concentration exposure to PMMA functionalized PMN-

PT.  

Figure 6.9 shows the three varying concentration exposure trials for IPA.  

Comparison of the Run 1, 2, and 3 trial results indicates a more predictable relationship 

between vapor concentration and frequency change than was the case for the previously 

described acetone and methanol exposure experimental trials.  The Run 1 total frequency 

change and the percent frequency change are both larger than the Run 3 result, but the Run 2 

frequency change measurement is again much smaller than the smallest Run 3 trial.   As was 



 

 

60 

indicated earlier, the frequency change during exposure to IPA at all three Run concetrations 

was generally the smallest compared to acetone and methanol exposure trials.   

 

 
Figure 6.9. Varying IPA concentration exposure to PMMA functionalized PMN-PT.  

Figures 6.7, 6.8, and 6.9 confirm that exposure at the Run 2 vapor concentration 

provided the smallest total frequency change and smallest percent frequency change for all 

three chemicals.  The control trial for frequency change of a PMMA functionalized PMN-PT 

TSM sensor was also determined as a baseline measurement to compare to subsequent Run 

1, 2, and 3 trials for acetone, methanol, and IPA.  For the control trial, all the TSM sensor 

chamber ports were immediately sealed with threaded plastic screws after removal from the 

vacuum bell jar.  The TSM sensor was then plugged into the electric module to record the 

frequency change without any exposure to chemical vapors at room temperature.   

Table 6.4 summarizes the frequency change, percent frequency change, Run ranking 

relative to all three VOCs for each exposure trial, and temperature change due to the heated 

VOC vapors.  All temperature change values fell within a relatively narrow range of 0.2 – 0.8 

ºC increase from room temperature measured at the start of each experimental trial.  Thus, 

temperature effects on the highly sensitive thermal properties of PMN-PT were considered to 

be negligible. 
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Table 6.4. Frequency Values for VOCs Exposure to PMMA Functionalized PMN-PT. 

Chemical Agent ∆Temperature (ºC) ∆f (kHz) ∆f (%) 
Run # 

Rank 

No Gas Control 0 209.32 1.04 N/A 

IPA Run 1 0.2 494.86 2.55 2nd 

IPA Run 2 [1/4 Run 1] 0.3 279.12 1.36 3rd 

IPA Run 3 [1/16 Run 1] 0.4 469.01 2.28 3rd 

Acetone Run 1 0.5 402.42 2.10 3rd 

Acetone Run 2 [1/4 Run 1] 0.3 358.77 1.75 1st 

Acetone Run 3 [1/16 Run 1] 0.3 545.22 2.62 2nd 

Methanol Run 1 0.2 590.81 3.06 1st 

Methanol Run 2 [1/4 Run 1] 0.3 317.87 1.56 2nd 

Methanol Run 3 [1/16 Run 1] 0.8 595.52 2.88 1st 

 

The Run ranks from Table 6.4 are based on the percent frequency change for VOC 

exposure at each Run 1, 2, and 3 concentrations.  The percent frequency change Run ranks 

mirror the total frequency change Run ranks for all three Run concentrations.  In the case of 

methanol described earlier, the Run 3 percent frequency change is smaller than for Run 1 

even though the Run 3 total frequency change is greater than for Run 1.  This indicates that 

the initial frequency of the PMMA functionalized PMN-PT TSM sensor fluctuated between 

the 7th through 9th trials of Run 1 and the 13th through 15th trials of Run 3.   

Measurement of the net frequency change is provided in Table 6.5 through 

subtraction of the PMMA functionalized PMN-PT control trial from each of the PMMA 

functionalized PMN-PT VOC exposure trials.  PMN-PT is a highly sensitive material during 

VOC exposure trials as well as during control trials within a sealed TSM sensor chamber at 

room temperature.  The net frequency change provides a useful analysis method to study the 

net effect of VOC vapor exposure on the PMMA functionalized PMN-PT TSM sensor. 
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Table 6.5. Net Frequency Values for VOCs Exposure to PMMA Functionalized PMN-

PT. 

Chemical Agent ∆Temperature (ºC) ∆fnet (kHz) ∆fnet (%) 

Run # 

Rank 

IPA Run 1 0.2 285.54 1.47 2nd 

IPA Run 2 [1/4 Run 1] 0.3 69.80 0.34 3rd 

IPA Run 3 [1/16 Run 1] 0.4 259.69 1.26 3rd 

Acetone Run 1 0.5 193.10 1.01 3rd 

Acetone Run 2 [1/4 Run 1] 0.3 149.45 0.73 1st 

Acetone Run 3 [1/16 Run 1] 0.3 335.90 1.62 2nd 

Methanol Run 1 0.2 381.49 1.98 1st 

Methanol Run 2 [1/4 Run 1] 0.3 108.55 0.53 2nd 

Methanol Run 3 [1/16 Run 1] 0.8 386.20 1.87 1st 

 

As indicated in Table 6.5, the Run ranks for the net percent frequency change are in 

the same order as the Run ranks for the percent frequency change from Table 6.4.  The two 

highest net percent frequency change values, 1.98% and 1.87%, occurred during Run 1 and 

Run 3 methanol exposures, respectively.  The PMMA functionalized PMN-PT TSM sensor 

shows the greatest overall sensitivity to methanol at these two concentrations.  The lowest net 

percent frequency change of 0.34% is observed during Run 2 IPA exposure.  Further analysis 

of the rate of frequency change over time will be discussed in Section 6.3.3.      

6.3 DISCUSSION 

This section describes the interaction between VOC vapors and PMMA, then explains 

the experimental results from the data presented in Sections 6.1 and 6.2 for the acetone 

exposure and VOCs exposure experiments, respectively.  The goals of this research, as 

introduced in Chapter 1, are to determine: (i) detection sensitivities for a PMN-PT TSM 
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sensor compared to a QCM TSM sensor, (ii) a method to functionalize TSM sensors with 

PMMA polymer, and (iii) PMMA functionalized PMN-PT sensitivity to acetone, methanol, 

and IPA vapors at varying concentrations. 

6.3.1 INTERACTION BETWEEN VOC VAPORS AND 

PMMA 

PMMA (C5O2H8)n is made by a synthetic free radical vinyl polymerization from the 

monomer methyl methacrylate.  Figure 6.10 [91-92] shows the chemical structure of PMMA.  

The number of repeating subunits varies depending upon the molecular weight (MW) of the 

polymer.  High MW PMMA is often used as a positive resist during MEMS fabrication 

which provides high resolution for e-beam, deep UV (220-250nm) and X-ray lithographic 

processes.   

 

 

Figure 6.10. Chemical structure of PMMA.  Sources: University of Washington, College 

of Engineering, “The 20
th

 Century – A Century of Innovation by Chemical Engineers”, 

http://www.cheme.washington.edu/centennial/time-line1.htm; PolymerProcessing.com, 

“poly(methyl methacrylate)”, 

http://www.polymerprocessing.com/polymers/PMMA.html (Both accessed December 

30, 2008) 30, 2008). 

The commonly used and relatively inexpensive amorphous, polar polymer is usually 

dissolved in chlorobenzene, however, this research used the safer solvent propylene glycol 

monomethyl ether acetate (PGMEA) instead.  In general, the higher the MW of PMMA, the 

slower it will dissolve in a solvent developer for MEMS applications.  After exposure and 

scission of PMMA molecular chains, the develop contrast between exposed and unexposed 

regions of the PMMA film becomes higher as MW increases.  Thus, PMMA with 950,000 
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MW is typically used in high resolution applications while 495,000 MW PMMA is reserved 

for less demanding MEMS applications [93].  The 120,000 MW PMMA used in this thesis 

research follows the same protocol laid out in previous research work with PMMA dissolved 

in PGMEA to be used as a functional thin film [13, 89].  

A PMMA functional layer spin-coated onto a TSM sensor provided partial chemical 

selectivity for VOC vapors.  Control of the PMMA layer thickness through a spin-coating 

process maintained a thin film (~110 nm thickness) sensing layer on the TSM sensor 

substrate with a relatively high surface area.  When a chemical adsorbed to the PMMA layer, 

the mass change was measurable as a mechanical deformation transduced to an electrical 

signal by the piezoelectric TSM substrate.  Experimental results from Section 6.2 indicate 

that the variance of frequency change for a PMMA coated PMN-PT TSM sensor depended 

upon the concentration of VOC vapor exposure. 

Methanol, acetone, and IPA are polar solvents with polarity indices of 6.6, 5.4, and 

4.3, respectively [93].  A high polarity index corresponds to better solvent properties.  IPA 

and methanol are similar protic alcohols classified in the same Snyder solvent group, while 

acetone is an aprotic ketone in a separate solvent group.  Among the three VOCs, methanol is 

considered to be the best solvent due to its relatively small MW and easily accessible 

hydroxyl group.  The MW of methanol is nearly half that of acetone and IPA, so methanol is 

expected to exhibit higher sensitivity for the polar PMMA functional layer than either 

acetone or IPA.  This expectation is in agreement with the experimental results obtained from 

Section 6.2.  However, a clear connection between greater solvent properties and greater 

adsorption to a PMMA functional layer cannot be clearly drawn.  Evchuk et al. found no 

direct correlation between the dissolution rate and the structure or properties of a solvent, 

including its polarity, when exposed to PMMA with a MW of 139,000 [94]. 

Acetone, methanol, and IPA used in this research are all flammable solvents with 

relatively low boiling points between 56-86 ºC.  Figure 6.11 compares vapor pressure, 

boiling point, and flash point properties for these three VOCs, as well as other common 

solvents.  Incorporation of a sealed experimental setup with a carefully controlled water bath 

generated vapor at precise temperatures just above the boiling points for each VOC.  

Delivery of the VOCs vapor directly to the TSM sensor chamber facilitated adsorption of the 

analytes to the PMMA functionalized TSM sensors. 
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Figure 6.11. Chemical properties of common solvents.  

Acetone is the simplest kind of ketone group which has a hydrogen accepting oxygen 

atom.  Its boiling point is relatively low (56.5 ºC), so it evaporates readily in open air.  It is 

the active ingredient in nail polish remover and paint thinner, plus it is often used 

commercially for room furnishing and as a solvent in pharmaceutical and MEMS 

applications.  Figure 6.12 [95] shows the chemical structure of an acetone molecule.  

 

 
Figure 6.12. Chemical structure of acetone.  Source: Wikipedia, “Acetone”, 

http://en.wikipedia.org/wiki/Acetone (Accessed December 31, 2008). 

Methanol is the simplest kind of primary alcohol which has a hydrogen donating 

hydroxyl group located on the primary carbon position.  It also has a relatively low boiling 

point (64.7 ºC) with a vapor pressure half that of acetone, but roughly three times that of IPA.  

The much greater vapor pressure of methanol compared to a similar alcohol in IPA is due to 
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its MW being smaller and therefore its intermolecular forces being lower.  It is used often as 

an antifreeze, fuel, and laboratory solvent.  Future commercial applications for methanol 

include storage as a stable substance at low temperatures to be used for personal electronics 

powered by direct methanol fuel cells.  Figure 6.13 [96] shows the chemical structure of 

methanol.  

 

 
Figure 6.13. Chemical structure of methanol.  Source: Wikipedia, “Methanol”, 

http://en.wikipedia.org/wiki/Methanol (Accessed December 31, 2008). 

IPA is a secondary alcohol which has a hydrogen donating hydroxyl group located on 

the secondary carbon position.  Its boiling point (82.3 ºC) is higher than that of acetone and 

methanol, while the vapor pressure is much lower in comparison with both.  As discussed 

earlier, the IPA polarity index is lower than both acetone and methanol so it is expected to be 

the weakest solvent of the three with the lowest sensitivity for PMMA.  This expectation is 

also in agreement with the experimental results obtained from Section 6.2.  IPA is often used 

in hospitals as a cleanser for surgical equipment and as a biological specimen preservative.  

Figure 6.14 [97] shows the chemical structure of IPA. 

 

 
Figure 6.14. Chemical structure of isopropyl alcohol.  Source: Wikipedia, “Isopropyl 

alcohol”, http://en.wikipedia.org/wiki/Isopropanol (Accessed December 31, 2008). 

One of the primary objectives for this research was to functionalize a miniaturized 

PMN-PT TSM sensor with PMMA in order to detect these three described VOCs with high 
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sensitivity and selectivity.  Applications for miniaturized PMMA functionalized PMN-PT 

sensors in a commercial setting include detection of flammable acetone, methanol, and IPA 

vapors in the environment in order to prevent accidental explosions.  Non-functionalized 

PMN-PT was shown in Section 6.1 results to be highly sensitive, but PMMA functionalized 

PMN-PT shown in Section 6.2 results provide an added selectivity component through 

variance of VOCs sensitivity for the PMMA functional layer.   

6.3.2 ACETONE VAPOR EXPOSURE TO NON-

FUNCTIONALIZED TSM SENSORS 

The acetone exposure experiment undertook a comparison of the detection 

sensitivities for non-functionalized PMN-PT and QCM TSM sensors.  The PMN-PT was 

determined to be a much more sensitive material than the QCM during both control and 

acetone exposure trials at water bath temperatures of 75 and 85 ºC.  The increase in PMN-PT 

sensitivity for acetone is countered by a less stable control measurement compared to a 

QCM.  Thus, a non-functionalized PMN-PT TSM sensor could theoretically detect trace 

amounts of acetone vapors in the environment, but its control trial instability might also lead 

to many more false positive detection events compared to a QCM.    

One reason for the instability of PMN-PT could relate to the fabrication of the PMN-

PT microbalance.  A PMN-PT microbalance is a far more delicate structure than the 

relatively robust and commercially produced QCM.  A PMN-PT microbalance has pins wire 

bonded to either side of the PMN-PT substrate which can easily break from occasional 

jostling of the sensor.  Meanwhile, a QCM has only a quartz wafer slid in between two wire 

coils on its attached microbalance and can easily be reassembled if the quartz somehow 

becomes dislodged.  Design of a more robust PMN-PT microbalance or an experimental 

setup which can utilize the high sensitivity of PMN-PT for detection of acetone vapors is a 

promising research direction.  PMN-PT could replace many QCM commercial sensor 

applications for chemical agents and biomolecules in the future. 

Comparisons between non-functionalized PMN-PT and QCM TSM sensors were 

made through recording the frequency change for each in response to control and acetone 

exposure trials.  The magnitude of sensitivity was introduced in Section 6.1.2 as a 

comparison analysis method for identifying sensitivities of non-functionalized PMN-PT and 

QCM TSM sensors under the same experimental conditions.  Advantages and disadvantages 
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between piezoelectric sensor materials become readily apparent through magnitude of 

sensitivity comparisons between non-functionalized PMN-PT and QCM TSM sensors.  

Figure 6.15 compares frequency change and net frequency change for PMN-PT and QCM 

TSM sensors during control trials and acetone exposure trials at water bath temperatures of 

75 and 85 ºC.  Also introduced earlier in Section 6.1.2, the net frequency change is found by 

subtraction of the control trial from the experimental trial frequency change.  Magnitude of 

sensitivity values can also be determined through comparison of the net frequency change for 

non-functionalized PMN-PT and QCM TSM sensors during exposure to varying water bath 

temperatures of heated acetone vapors.   

 

 
Figure 6.15. Acetone exposure magnitude of sensitivity for non-functionalized PMN-PT 

versus QCM.  

Figure 6.15 shows that the non-functionalized PMN-PT TSM sensor has a net 

frequency change more than 31,000 times that of a non-functionalized QCM TSM sensor 

during exposure to acetone vapors heated by a 75 ºC water bath.  Additionally, the non-

functionalized PMN-PT TSM sensor has a net frequency change more than 13,000 times that 

of a corresponding QCM during exposure to acetone vapors heated by an 85 ºC water bath.  

Both these magnitude of sensitivity values indicate the promising potential for use of PMN-

PT in future chemical sensor applications.  However, one disadvantage with the Figure 6.15 

results is that non-functionalized PMN-PT is more than 3,600 times less stable than a QCM 

under control conditions.  This again points to the fact that a less sensitive QCM TSM sensor 
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would generate less false positives compared to a PMN-PT TSM sensor for detection of 

chemical analytes in the environment. 

 Three separate frequency change stages are identified during the exposure of acetone 

vapors heated at 75 and 85 ºC water bath temperatures to non-functionalized PMN-PT and 

QCM TSM sensors.  These stages are categorized as an ‘Initiation stage’, a ‘Progression 

stage’ and a ‘Saturation stage’.  For acetone vapor heated by a 75 °C water bath, the 

approximate exponential interpolation from the data yields a relationship with respect to time 

of 14.34e
(-2E-05t) for the ‘Initiation stage’.  This ‘Initiation stage’ is the period of time before a 

sharp transition occurs.  The transition consists of a very quick ‘Progression stage’, which 

has a relationship observed as 337.06e
(-0.017t)

.  Following this rapid transition of the 

‘Progression stage’ is an immediate continuation to the ‘Saturation stage’, which has a 

relationship of 13.826e
(-1E-06t)

.  For acetone vapor heated by an 85°C water bath, the 

‘Initiation stage’ has a relationship of 14.484e
(-3E-05t)

, while the sharp transition in the 

‘Progression stage’ displays the function 6660.3e
(-0.0178t), and the ‘Saturation stage’ is 

observed to be 13.841e
(-2E-06t) [53].  Figure 6.16 shows a frequency chart with these three 

stages for exposure of a non-functionalized PMN-PT TSM sensor to acetone vapors heated 

by a 75 and 85 °C water bath. 

 

 
Figure 6.16. Frequency chart for acetone exposure to non-functionalized PMN-PT.  
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In Figure 6.16, data for the sudden transition which occurred during the ‘Progression 

stage’ of both acetone vapor water bath temperature settings followed a period of slight 

decline in frequency during the ‘Initiation stage’.  The ‘Progression stage’ transition then 

took only a few seconds for the non-functionalized PMN-PT TSM sensor frequency to drop 

to a minimum value and become relatively stable.  This stable minimum is regarded as the 

‘Saturation stage’ due to the fact that the PMN-PT TSM sensor surface likely became 

saturated with adsorbed analyte molecules to the gold electrode surface of the PMN-PT 

substrate. 

Figure 6.17 is a frequency chart which applies the same three stage process to the 

QCM TSM sensor exposed to both water bath temperatures of acetone vapors.  Unlike the 

PMN-PT TSM sensor which exhibited three distinct stages, the QCM TSM sensor exhibited 

minimal frequency change throughout exposure to both water bath temperatures of acetone 

[53].  Further comparisons between non-functionalized and PMMA functionalized PMN-PT 

and QCM TSM sensors exposed to varying concentrations of VOCs were introduced in 

Section 6.2 and will be discussed in more detail in Section 6.3.3. 

 

 
Figure 6.17. Frequency chart for acetone exposure to non-functionalized QCM.  
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For the PMN-PT experimental trial, the heated acetone vapors were delivered to the 

TSM sensor chamber and a gradual decline in PMN-PT frequency was possibly caused by 

the temperature effect of the heated vapors on the thermally dependent piezoelectric material.  

Consideration for this adverse effect of the heated vapors prompted a new experimental 

design for subsequent experimental trials with VOCs exposure to non-functionalized and 

PMMA functionalized TSM sensors.  As previously introduced in Section 4.2.6, a 

thermocouple thermometer would be utilized to precisely measure the temperature of VOC 

vapors exposed to both TSM sensors.   

6.3.3 VOCS VAPOR EXPOSURE TO PMMA 

FUNCTIONALIZED TSM SENSORS  

One objective for the VOCs exposure experiment was to determine a method to 

functionalize TSM sensors with a spin-coated PMMA polymer layer.  A PMMA layer was 

applied onto the QCM and PMN-PT TSM sensors through mounting the TSM sensor 

chamber to a plastic cap and spin-coating PMMA onto the sensor surfaces at a slower speed 

and over a longer period of time than past experimental protocols [13, 89].  Once the TSM 

sensors were functionalized with PMMA, another objective was to expose PMMA 

functionalized TSM sensors to chemicals such as acetone, methanol, and IPA vapors at 

varying concentrations in order to analyze VOC analyte sensitivity to PMMA.  Consistency 

of frequency change results between trials was ensured through devising and following a 

standard protocol to desorb the functionalized TSM sensors of adsorbed analytes.  A vacuum 

bell jar was used for 3 or 6 hours between trials for this purpose. 

Comparison of acetone exposure sensitivities for non-functionalized and PMMA 

functionalized PMN-PT and QCM TSM sensors was accomplished through determination of 

magnitude of sensitivity values.  Figure 6.18 shows magnitude of sensitivity values for non-

functionalized and PMMA functionalized PMN-PT versus QCM during PMMA deposition, 

control trials, and acetone exposure trials.  PMMA functionalized PMN-PT was more than 

6,800 times more sensitive than the QCM during exposure to acetone at 61 ºC, or 5 ºC above 

the boiling point of acetone.  Non-functionalized PMN-PT was even higher at more than 

11,000 times more sensitive than the QCM during acetone exposure.  However, the PMN-PT 

control trials were far less sensitive than the QCM for both sets of trials.  
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Figure 6.18. Acetone exposure magnitude of sensitivity for non-functionalized / PMMA 

functionalized PMN-PT versus QCM.  

Figures 6.19 through 6.23 analyze the rate of frequency change for varying 

concentrations of acetone, methanol, and IPA (VOCs) exposure to non-functionalized and 

PMMA functionalized PMN-PT.  The rates were determined through graphing the frequency 

change per second versus the total exposure time for each experimental trial.  Figure 6.19 

consisted of VOCs exposure to non-functionalized PMN-PT at Run 1 concentration (40 ml = 

240,000 ppm).  Methanol exposure instigated the most volatile increase in frequency change 

rate within the first 100 seconds, while acetone and IPA exposures remained relatively steady 

throughout.  Figure 6.20 consisted of VOCs exposure to PMMA functionalized PMN-PT at 

Run 1 concentration.  Again methanol exposure resulted in a frequency change rate increase 

at around 100 seconds, although at less magnitude.  Meanwhile, acetone and IPA exposures 

were steady again with nearly identical frequency change rate patterns.   

Figures 6.21 through 6.23 analyze frequency change rate for each VOC at varying 

Run concentrations.  Figure 6.21 shows Run 1, 2, and 3 acetone exposure to PMMA 

functionalized PMN-PT.  The frequency change rates are consistent for all three trials with 

the bulk of the increases occurring within 200 seconds.  Figure 6.22 shows methanol 

exposure to PMMA functionalized PMN-PT at the same three concentrations.  The frequency 

change rate patterns are relatively similar with a very large spike occurring within the first 50 

seconds.  Finally, Figure 6.23 shows IPA exposure to PMMA functionalized PMN-PT at all 

three concentrations.  The frequency change rate spikes within the first 50 seconds are 

similar for Run 2 (10 ml = 60,000 ppm) and Run 3 (2.5 ml = 15,000 ppm) concentrations.         
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Figure 6.19. Rate of frequency change during VOCs exposure to non-functionalized 

PMN-PT.  
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Figure 6.20. Rate of frequency change during VOCs exposure to PMMA functionalized 

PMN-PT.  
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Figure 6.21. Rate of frequency change during acetone exposure to PMMA 

functionalized PMN-PT.  
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Figure 6.22. Rate of frequency change during methanol exposure to PMMA 

functionalized PMN-PT.  
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Figure 6.23. Rate of frequency change during IPA exposure to PMMA functionalized 

PMN-PT.  
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 Figures 6.24 through 6.29 show color coded exposure to acetone (light blue), 

methanol (bright green), and IPA (red) at just above their respective boiling points.  Figure 

6.24 shows magnitude of sensitivity comparisons between non-functionalized and PMMA 

functionalized PMN-PT versus the corresponding PMN-PT control trials for a variety of 

different VOCs exposure concentrations.  The magnitude of sensitivity for exposure to 

methanol is the largest among the VOCs for all the trials except VOCs exposure to the 

PMMA functionalized PMN-PT at Run 2 concentration.  

   

 
Figure 6.24. Magnitude of sensitivity for non-functionalized / PMMA functionalized 

PMN-PT versus corresponding PMN-PT controls.  

Based upon all the magnitudes of sensitivity for the VOCs in Figure 6.24, an average 

magnitude of sensitivity for each VOC can be determined over all the trials.  A comparison 

of these averages for acetone, methanol, and IPA is shown in Figure 6.25.  Among the three, 

methanol has the largest average as expected, but acetone and IPA are almost completely 

even.  According to the Run 1, 2, and 3 percent frequency change rankings from Tables 6.4 

and 6.5 in Section 6.2, the Run rank of acetone was usually higher than IPA over all three 

Run concentrations.  However, a magnitude of sensitivity average for all the trials, including 

VOCs exposure to non-functionalized PMN-PT, indicates that IPA may in fact be as 

sensitive as acetone during exposure to non-functionalized and PMMA functionalized PMN-

PT.  Frequency change rate patterns from Figures 6.19 through 6.23 reveal some differences 

between acetone and IPA during varying concentrations exposure to non-functionalized and 

PMMA functionalized PMN-PT.   
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Figure 6.25. Magnitude of sensitivity average for non-functionalized / PMMA 

functionalized PMN-PT versus corresponding PMN-PT controls. 

Figure 6.26 shows a comparison of VOC magnitude of sensitivity rank for exposure 

to non-functionalized and PMMA functionalized PMN-PT.  1st to 3rd rankings for the VOCs 

are expressed visually through a thinner region for methanol in between the larger regions for 

acetone and IPA.  This indicates that methanol is more often than not first in magnitude of 

sensitivity compared to acetone and IPA.  Similarly, analysis of the average of these 

magnitude of sensitivity rankings is shown in Figure 6.27.  Methanol exposure magnitude of 

sensitivity is once again on average ranked higher than either acetone or IPA exposure. 

 

 
Figure 6.26. Magnitude of sensitivity rank for non-functionalized / PMMA 

functionalized PMN-PT versus corresponding PMN-PT controls.  
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Figure 6.27. Magnitude of sensitivity average rank for non-functionalized / PMMA 

functionalized PMN-PT versus corresponding PMN-PT controls.  

The frequency change associated with deposition of PMMA polymer (∆fpoly) was 

indicated in Table 6.3 for both PMN-PT and QCM TSM sensors.  The PMN-PT ∆fpoly value 

was 185.87 kHz, meaning the resonant frequency decreased this amount from its previous 

initial value following application of the PMMA layer to the PMN-PT TSM sensor surface.  

The total frequency change values for Run 1, 2, and 3 concentrations of VOCs exposure to 

PMMA functionalized PMN-PT was previously indicated in Figures 6.4 through 6.6.  These 

frequency change values (∆fvap) are recorded by the frequency recording apparatus for all 

three Run concentrations of VOCs exposure to PMMA functionalized PMN-PT.   

Figure 6.28 shows an x-axis p/pº value as a measure of the percent vapor in the 

volume of the system.  For example, the three x-axis values are 0.24, 0.06, and 0.015 for 

240,000 ppm, 60,000 ppm, and 15,000 ppm, respectively.  Division of the ∆fvap value by the 

∆fpoly value gives a ratio equivalent to the concentration of sorbed vapor on a dry PMMA 

polymer film [22].  This is due to the understanding from Sauerbrey that ∆fvap is proportional 

to the vapor mass sorbed and ∆fpoly is proportional to the polymer mass.  An exponential 

relation starting from close to the origin and curving upward should result from the graph of 

these two separate parameters.  This is because an increase in vapor sorption to the PMMA 

surface typically occurs as the vapor percentage of the system increases.  Due to the unusual 

result discussed earlier from the Run 3 concentration VOCs exposure to PMMA 

functionalized PMN-PT, the curve is not exactly exponential and does not originate near the 
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origin.  However, the line connecting only the 0.06 and 0.24 vapor percent values does show 

an increase in sorbed vapor proportional to a corresponding increase in vapor percent for the 

system. 

 

 
Figure 6.28. VOCs vapor sorption diagram for PMMA functionalized PMN-PT.  

Finally, Figure 6.29 shows a measure of the chemical vapor sensitivity for each of the 

three VOC analytes exposed to the PMMA functionalized PMN-PT TSM sensor.  This 

particular sensitivity calculation is made by dividing the frequency change recorded during 

the lowest VOC concentration exposure trial (Run 3) by the ppm concentration for that 

particular trial (Run 3 = 2.5 ml = 15,000 ppm).  Thus, the lower limit of detection (LLD) for 

this research can be determined based on the frequency change recorded at the lowest 

concentration, which in this case happens to be the anomalous Run 3 frequency change 

measurement recorded as the last three PMN-PT TSM sensor experimental trials at 15,000 

ppm concentration.   
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Figure 6.29. VOCs vapor sensitivity for PMMA functionalized PMN-PT.  

Overall, the results from the VOCs exposure experiment indicate that acetone, 

methanol, and IPA vapor molecules bind to PMMA functionalized PMN-PT in a different 

manner than they do to the gold electrode layer of non-functionalized PMN-PT.  The shape 

and scale of the frequency change curves were examined in detail using frequency change 

rate patterns for varying concentrations of acetone, methanol, and IPA exposure to PMMA 

functionalized PMN-PT.  It was found that IPA and acetone frequency change rate patterns 

resemble each other while the pattern for methanol is different.  This difference between the 

three VOCs could be an indicator that smaller and more polar methanol molecules are able to 

bind more efficiently to the gold electrode of non-functionalized PMN-PT and the PMMA 

functionalized PMN-PT than either the less polar and nearly twice as large MW acetone and 

IPA molecules.   

Methanol is the best solvent among the three chemicals used in the VOCs exposure 

experiment due to its relatively small MW and easily accessible hydroxyl group. It exhibited 

a higher sensitivity and a unique frequency change rate pattern, which could be used as a 

selectivity indicator in comparison with different frequency change rate patterns exhibited by 

acetone and IPA.  In two out of the three Run concentrations with VOCs exposure to PMMA 

functionalized PMN-PT, methanol adsorption caused the PMMA layer to swell the most 

which resulted in the largest frequency drop among all three VOCs.  Acetone and IPA 

adsorption were relatively comparable to each other, although IPA caused the smallest 
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frequency drop in two out of the three Run concentrations.  It is therefore highly probable 

that a thin PMMA layer is more sensitive to methanol than either acetone or IPA at varying 

analyte concentration.  Methanol and IPA are chemically similar as primary and secondary 

alcohols due to their hydrogen donating hydroxyl groups located on primary and secondary 

carbon positions, respectively.  Meanwhile, acetone is a simple ketone group with a hydrogen 

accepting oxygen atom.  All three VOCs interact with the polar PMMA functional layer, as 

evidenced by the swelling which occurs at varying VOC exposure concentrations. 

6.3.4 COMPARISONS WITH PAST RESEARCH  

Current research work cited within this thesis reveals a large number of studies which 

have use non-functionalized or functionalized TSM sensors for detection of chemical agents 

and biomolecules.  Figure 2.1 at the end of Chapter 2 provided a layout for how these current 

research studies helped shape the direction of this research.  A summary of the lower limits 

of detection (LLD) sensitivities is provided in Table 6.6 for these TSM chemical sensors and 

biosensors.  Additionally, the results from the objectives laid out in Chapter 1 for this thesis 

are included in Table 6.6 to show how this research work with non-functionalized and 

PMMA functionalized TSM sensors compares to current research work.  

 

Table 6.6. Detection Capabilities of Current TSM sensors. 

TSM Sensor and 

Functional Layer 

Chemical/Biomolecule 

Analyte 
Sensitivity/LLD Concentration/Total Reference 

QCM Methanol 120 Hz N/A 52 

 Acetone 40 Hz 240,000 ppm 
this thesis, 

53 

QCM + PMMA Phenol 1.47 Hz 1 ppm 21 

 Acetone 15 Hz 50,000 ppm 22 

 Moist air 320 Hz 
84% relative 

humidity 
25 

 Moist air 800 Hz 17,000 ppm 26 

 Acetone 60 Hz 240,000 ppm this thesis 
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QCM + poly(o-

anisidine) mixed 

with stearic acid 

Butyric acid 1,050 Hz 15,000 ppm 30 

 Propionic acid 650 Hz 16,000 ppm 30 

 Acetic acid 300 Hz 17,000 ppm 30 

 Formic acid 200 Hz 16,000 ppm 30 

QCM + cadmium 

arachidate (CdA) 

and SWCNTs 

Isopropanol (IPA) 220 Hz 30.9 mm Hg 31 

 Ethylacetate 210 Hz 180 mm Hg 31 

 Toluene 230 Hz 53.9 mm Hg 31 

QCM + 

polystyrene 
Benzene 55 Hz 21 mg l-1 33 

 Toluene 65 Hz 21 mg l-1 33 

 Ethylbenzene 75 Hz 21 mg l-1 33 

 Xylene 105 Hz 27 mg l-1 33 

QCM + TiO2 Dichloromethane 8 Hz 55 ppm 32 

 Carbon tetrachloride 7 Hz 55 ppm 32 

 Toluene 17 Hz 55 ppm 32 

QCM + antibodies Vibrio cholerae O139 100,000 cells 1 ml 34 

QCM + thin culture 

medium 

Staphyloccus 

epidermidis 
100 cells 1 ml 35 

QCM + antibodies E. coli O157:H7 100,000 cells 1 ml 36 

QCM + hydrazide 

antibodies 
E. coli O157:H7 10,000 cells 1 ml 37 

QCM + ssDNA E. coli O157:H7 2000 cells 1 ml 40 

QCM + ssDNA E. coli O157:H7 267 cells 1 ml 39 

QCM + SAM 

antibodies 
E. coli O157:H7 200 cells 1 ml 38 

QCM + thiol E. coli O157:H7 70-80 Hz N/A 41 
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modified DNA 

QCM + 

carbohydrates 

lectins 

E. coli W1485 750 cells 1 ml 42 

AlN + PMMA Acetone 17 million Hz 1 atm (acetone) 47 

 Acetone 
1000 m2/kg, 

1 x 10-12 g 
1 atm (acetone) 48 

PZT/Au + 

antibodies 
Salmonella 

5 x 10-11 g/Hz, 

500 cells 
1 ml 49 

PMN-PT Methanol 250,000 Hz N/A 52 

 Acetone 443,110 Hz 240,000 ppm this thesis 

 Acetone 649,570 Hz 240,000 ppm 
this thesis, 

53 

PMN-PT/Sn + 

antibodies 
Bacillus anthracis 36 spores 1 ml 50 

PMN-PT + PMMA Acetone 545,220 Hz 15,000 ppm this thesis 

 Methanol 595,520 Hz 15,000 ppm this thesis 

 IPA 469,010 Hz 15,000 ppm this thesis 

 

6.3.5 FUTURE STUDIES AND RECOMMENDATIONS 

As discussed earlier in Chapter 2, the sensitivity of a functionalized TSM sensor 

depends upon the thickness of its bound polymer layer.  A QCM TSM sensor functionalized 

with various amounts of PMMA or other polymer layers has demonstrated a frequency 

change only in the tens to hundreds of Hz range [21, 33].  Meanwhile, the results from the 

VOCs exposure experiment indicate a much larger frequency fluctuation range of 279 – 595 

kHz for a PMMA functionalized PMN-PT TSM sensor.  Further work on design of a more 

robust PMN-PT microbalance is a primary concern for future research.  If a larger PMN-PT 

substrate not already attached to a microbalance could be stably applied to a spin-coater, then 

more PMMA could feasibly be spin-coated onto the PMN-PT surface substrate at a higher 
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RPM to create a more uniform thin layer with a higher surface area.  A higher surface area 

thin film PMMA layer spin-coated onto a more robust PMN-PT microbalance would increase 

sensitivity and perhaps even the overall stability of the TSM sensor.  However, any TSM 

sensor with too thick of a polymer layer results in both higher sensitivity due as well as 

longer resonator response time since stability of the resonator oscillation might be disturbed.  

Additionally, selective sensitivity between similar organic vapors decreases as polymer 

thickness increases [30].  Thus, the best method to achieve high sensitivity coupled with low 

response time is to use a thin coated polymer layer with a high surface area. 

One drawback which keeps non-functionalized and PMMA functionalized PMN-PT 

from completely outperforming non-functionalized and PMMA functionalized QCM is in the 

comparison of sensor stability.  Over time, QCM frequency consistently maintains a greater 

degree of stability by several orders of magnitude than PMN-PT [26].  In the VOCs exposure 

experiment, the non-functionalized and PMMA functionalized QCM was between 17,000 – 

21,000 times more stable than the non-functionalized and PMMA functionalized PMN-PT 

TSM sensor in comparison of identical control trials.   

However, a few remediable factors may help to stabilize frequency change 

measurement from a PMN-PT TSM sensor.  An updated circuit board design which reduces 

the elevated noise factor evident in the no gas control trials could be one possible solution.  

Such noise factors which preclude the electric module from making stable measurements on 

a single crystal ferroelectric as sensitive as PMN-PT need to be eliminated in future trials.  

Additionally, further redesign of the TSM sensor and chemical agent chambers to ensure that 

no VOC vapors escape in or out of the experimental setup would lead to more stable results 

due to direct exposure of the VOC vapors to the non-functionalized or PMMA functionalized 

TSM sensor surface. 

Further research using smaller concentrations of VOCs exposed to polymer 

functionalized PMN-PT TSM sensors is essential in order to develop a more comprehensive 

understanding of adsorption properties between analyte and chemical detection element.  

Promising possibilities also exist for PMN-PT biosensor applications.  Table 6.6 shows 

detection capabilities of current TSM sensors which cover a wide variety of piezoelectric 

materials.  Future development of functionalized PMN-PT chemical sensors and biosensors 

is necessary in order to compare advantageous PMN-PT sensitivity properties with other 
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piezoelectric materials.  Additionally, new techniques to alter the adsorption properties of 

functional polymer layers need to be explored as well.  For example, advanced functional 

PMMA layers have been fabricated through irradiation, surface modification, or composite 

formation with a conductive polymer [14]. 

One final avenue for future research is the development of a PMN-PT TSM sensor 

functionalized with a self-assembled monolayer of mannose which binds multivalent lectins 

and the surface O-antigen of E. coli bacterial strains, as shown in Figure 6.30 [42].  This 

setup could be used to detect minute concentrations of food and waterborne pathogens in 

fresh produce [42].  Future functionalized TSM biosensors which can detect pathogenic 

bacteria will depend upon TSM sensors and functional layers with high sensitivity and 

selectivity.  Whole cell analysis of dynamic bacterial membranes responsible for turning cell 

pathogenicity on and off could possibly be accomplished through a functionalized 

gravimetric detection approach.  This differs conceptually from the standard DNA 

hybridization probe method which uses PCR amplification of possibly dead or inactivated 

target bacterial DNA in producing frustratingly high numbers of false positives.  Many 

methods used can tackle the same problem, but future applications using a functionalized and 

highly sensitive piezoelectric material such as PMN-PT can help to obtain desirable results. 

 

 
Figure 6.30. Lectin mediated E. coli detection with a functionalized PMN-PT biosensor.  

Adapted from source: Shen, Z.; Huang, M.; Xiao, C.; Zhang, Y.; Zeng, X.; Wang, P.G. 

“Nonlabeled Quartz Crystal Microbalance Biosensor for Bacterial Detection Using 

Carbohydrate and Lectin Recognitions” Anal. Chem., 2007, 79, p. 2314. 
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CHAPTER 7 

CONCLUSION 

Non-functionalized and PMMA functionalized TSM sensors were analyzed in this 

research.  For the acetone exposure experiment, a PMN-PT single crystal thin film (30µm) 

TSM sensor was designed to exhibit a high sensitivity for sensor applications.  An 

experimental setup which circulated acetone vapors through a sensing chamber via a pump-

less mechanism represented an efficient method for testing frequency change in PMN-PT and 

QCM TSM sensors.  Based on results obtained from the acetone exposure experiment, the 

PMN-PT TSM sensor exhibited a much higher sensitivity to acetone vapor loading than a 

conventional QCM.  Increased temperature of the acetone vapor also demonstrated an 

increased frequency change response in both non-functionalized TSM sensors.  The effect of 

temperature change on TSM sensor function was also an important factor to consider for the 

experimental setup with exposure to VOC vapors.  Standardization of an experimental 

protocol plus additional improvement of experimental assembly components were both 

necessary to obtain and quantify repeatable data. 

For the VOCs exposure experiment, a functional PMMA layer was spin-coated onto 

TSM sensors for detection of VOC chemicals acetone, methanol, and IPA. A novel method 

to spin-coat a thin ~110 nm PMMA layer onto the TSM sensor substrates was employed 

along with a 3 to 6 hour vacuum desorption between varying concentration VOCs exposure 

trials.  Based on results obtained in these experiments, PMMA functionalized PMN-PT 

exhibited a sensitivity more than 6,800 times higher than PMMA functionalized QCM.  

Vapor loading of the partially selective PMMA layer revealed recognizable patterns of 

percent frequency change when exposed to varying concentrations of VOCs.  The 

temperature of VOC vapor exposure was maintained at near ambient levels such that no 

effect on the piezoelectric properties of the PMN-PT material was evident.  Further work can 

be done to modify the electric module to allow for recording a more stable frequency 

measurement of highly sensitive piezoelectrics such as PMN-PT.  Additionally, chemical and 

biosensor applications which incorporate PMN-PT TSM sensors would be a promising 

development for fabrication of highly sensitive and selective functionalized sensors. 
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APPENDIX A: SURVEY OF FRESH PRODUCE 

GROWERS AND SUPERMARKETS 

The following survey of fresh produce growers and supermarkets was prepared from 

investigative research conducted between September 2007 and April 2008.  The information 

cited in this Appendix is relevant to the timeframe represented by those dates.  Some 

information is subject to have changed in the 8 months since the preparation of this research.  

A background of the problem of pathogenic food-borne bacteria will be presented beginning 

with the Central California case from August 2006, whereby an E. coli O157:H7 outbreak in 

leafy green spinach resulted in national attention and a call for more serious testing and 

regulation.  A case study on the pathogen testing operation of Earthbound Farms since the E. 

coli O157:H7 tainted spinach from August 2006 was identified as having come from its 

fields is provided  

In August 2006, 204 cases of illness due to E. coli O157:H7 infection were reported 

to the Center for Disease Control (CDC), including 31 cases involving a type of kidney 

failure called Hemolytic Uremic Syndrome (HUS), 104 hospitalizations, and three deaths.  A 

case study of Earthbound Farms, the facility held responsible for that outbreak, is considered 

in this Appendix.  San Benito County farms grow conventional spinach for Earthbound 

Farms.  For conventional produce, the Food and Drug Administration (FDA) inspects for 

acceptable parts per million (ppm) residues of fertilizers, etc. at the growers fields and 

warehouses.  FDA (and most retailers) set guidelines for food quality based on characteristics 

such as appearance, water levels, eating quality, and Brix level (sugar content).  Bacterial 

testing in the fields is not directly regulated by city, county, state, or even federal inspectors.  

No public agency is held accountable for standardized testing of all growers in California.  

This non-standardized testing procedure for fresh produce differs from the way beef is 

regulated for pathogen testing by the United States Department of Agriculture (USDA). 

Earthbound owned Natural Selection Foods processes and packages the spinach from 

the farms.  Before fall 2006, spinach was kept in cold storage and double-washed in 

chlorinated rinses before packaging, which followed typical industry conventions.  During 

fall 2006, three people died and at least 200 became sick with symptoms as severe as kidney 
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failure due to an outbreak of E. coli O157:H7 from Dole baby spinach processed by Natural 

Selection Foods.  After fall 2006, Earthbound launched a “test and hold” system for 

identifying two strains of E. coli and Salmonella on 3 ounces of spinach for every 1,600 

pound lot packaged.  Two testing procedures are applied: 1) nutrients are added and leaves 

heated to 109º F for 8 hours, 2) a lateral flow device is inserted and DNA is extracted.  If 

both tests came up positive, the entire 1,600 pound lot is held 4 hours for two more 

sophisticated genetic tests which confirm the results [98]. 

Once cleared, spinach gets moved onto conveyor belts where they are trimmed and 

triple-washed in chlorinated rinses.  Then it is zapped with lasers to detect foreign objects.  

At the end of the line, packaged greens are held 12 hours and tested again.  Once a week, on 

average, a load of raw spinach sent to Earthbound from a San Benito County farm fails the 

tests.  From October 2006 through August 2007, 58 out of 76,000 lots entering Earthbound’s 

plants tested positive for pathogens, a rate of 0.08%.  That amounts to about 93,000 pounds 

of spinach destroyed out of about 122 million pounds that growers sent to Earthbound in a 

period of about 10½ months [98].  When these lots tested positive for pathogens, 

investigators were dispatched to the fields the next day, but the sources remained a mystery.  

Tests for finished products were added in February 2007 and no packaged spinach failed in 

the first 6 months of testing.  If and when a certain amount of finished lots were to test 

positive, the plant would be shut down and re-sanitized [98]. 

Environmental Health Inspectors occasionally test outbreak risk facilities.  County or 

state inspectors are allowed to do randomized bacterial testing of restaurants, supermarkets, 

and processing facilities, although they do not have sufficient financial resources or a 

legislative mandate to do so consistently.  Suspected at-risk or confirmed places with 

bacterial outbreaks are checked out by inspectors who use a standardized testing procedure 

described in the Bacterial Analytical Manual (BAM).  In order to avoid possible follow-up 

investigation and pathogen testing by inspectors who may suspect a bacterial outbreak in the 

area, processors like Earthbound have implemented pathogen prevention measures in fields 

and plants, including inspections of harvest equipment, workers, compost, and water.  For 

spinach – and for ground beef, the leading cause of E. coli outbreaks – there is no “kill step”, 

or sanitizing system, that eliminates 99.99% of pathogens.  The best technology available in 

California is triple-washing, which kills 99%.  That means if a handful of spinach leaves 
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from a farm carries 10 million bacterial cells, 100,000 could still remain, which is enough to 

make people sick.  From 10 to 100 cells of E. coli are sufficient to cause symptoms or severe 

disease. 

The Leafy Green Marketing Agreement (LGMA) was established in April 2007 as a 

response to public concern over spinach safety from the E. coli O157:H7 outbreak of fall 

2006.  State legislators pushed for a state regulated testing system, but the industry regulated 

LGMA was approved instead.  Thirteen industries from all growing areas in California are 

part of the LGMA, which represents > 99% of all fresh produce grown in California.  LGMA 

members in good standing have produce that is California Department of Food and 

Agriculture (CDFA) certified according to a label on items like bagged spinach in stores.  A 

mandatory requirement for all LGMA members is that randomized quarterly audits are 

conducted by USDA trained inspectors.  A total of 268 checkpoints are reviewed by these 

inspectors during an audit.  LGMA standards and practices are not entirely transparent.  

Pathogen testing methods are not publicized by companies.  Decertified companies can’t sell 

to Mexico and Canada, but can still sell to the USA. 

The CDFA organizational model differs from the way USDA operates.  USDA 

standardizes a process for pathogen testing in beef for the purposes of public health.  CDFA’s 

organizational purpose is to promote agricultural interests in California rather than regulate 

things from a public health perspective.  Certain recommendations made to LGMA by 

California state legislators were implemented by the growers, including: 1) increasing buffer 

zones between leafy greens fields and cattle feeding operations, 2) doubling safety personnel, 

3) tripling safety budget ($4 million annual budget), and 4) increasing number of water tests 

by 5 times.  LGMA member grower Rio Farms estimates that approximately 2% of its leafy 

greens like spinach would be thrown out according to state legislators plan for a standardized 

testing method.  This is a huge loss and might not be necessary.  The problem with throwing 

all 2% out is that pieces of E. coli bacteria, dead E. coli cells, etc. all show up in current 

pathogen tests due to identification of genetic material and not necessarily identification of 

activated pathogenic E. coli O157:H7 strain.  This creates lots of instances of “false 

positives”. 

California State Senator Dean Florez leads the push to make bacterial testing a 

standardized practice regulated by the state government.  Small farmers are not in favor of 
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mandatory testing due to high costs to implement a new testing system which may or may 

not work correctly due to many false positives.  The LGMA annual 2007 report is published 

only on its website and is not well known to the public.  Two “near miss” recalls of leafy 

greens were not mentioned in the LGMA report including:  

1) August 2007: Metz Fresh processor “test and hold” system failed to recognize 34 

tons of a Salmonella tainted batch of bagged spinach until it had left the packaging plant.  It 

was recalled before going on shelves due to subsequent testing by Metz Fresh.  

2) September 2007: Dole processor shipped E. coli O157:H7 tainted mixed bagged 

salad to Canada which was pulled off shelves before anyone became sick.  A sample in a 

Canadian grocery store was found through random screening to contain E. coli O157:H7.  

Such random screening doesn’t occur in America. 

Ralphs, Albertsons, etc. sell “CDFA certified” bagged spinach.  None of the major 

retailer supermarkets in America do bacterial pathogen testing in their stores.  All of them 

depend entirely on testing done at the grower and processor levels, such that when any 

outbreak occurs the blame immediately gets shifted to the suppliers of the tainted product.  

The majority of food safety issues are likely due to the breaking of the “cold chain” or cross 

contamination from either processor to retailer or retailer to consumer.  Any small amount 

(10 to 100 E. coli cells) already inside bagged spinach can become activated due to 

prolonged temperature fluctuation above usual chilled storage temperature activating cell 

surface markers to a highly infectious pathogenic state.  In order to maintain seasonal 

produce all year long, retailer supermarkets import about 50% of their fresh produce from 

abroad.  The FDA inspects about 1% of the imported foods it regulates, down from 8% in 

1992 when imports were far less common.  Fresh produce imported into the Port of Long 

Beach, the largest and busiest port in the USA, is not bacteria tested by port officials.  As an 

example, Salmonella outbreaks on cantaloupes from Costa Rica and Mexico are fairly 

common, including more than 700,000 recalled in October 2006. 

Consumers also need to be educated that bagged leafy greens like spinach must be 

kept refrigerated at all times and also thoroughly washed before consuming.  Breaking of the 

cold chain and cross-contamination are both preventable issues often exacerbated by the 

unaware consumer.  Consumers should be made aware which growers have been decertified 

by LGMA for not following suggested regulatory guidelines.  Public notification more than 
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an occasional LGMA website update is necessary.  The “CDFA certified” label on bagged 

leafy greens packages should be clarified to indicate that it is not a guarantee of complete 

safety from bacterial pathogens and that some consumer precautions must still be taken.  

Retailers should inform the consumer with labels exactly where their fresh produce comes 

from so that possibly better regulated California produce can be differentiated from imported 

goods which might damage industry-wide credibility whenever outbreaks occur. 

In February 2008, the “Ag Forum” in Salinas, California reviewed bacterial testing 

perspectives from state legislators and industry regulated LGMA.  Currently, the LGMA 

voluntary testing method is being implemented, although this situation would likely continue 

only until the time of another outbreak when public outcry might demand a new standardized 

government regulated testing method.  Steven Koike is a UC Davis researcher who works 

with a UC Davis microbiologist, Trevor Suslow, often quoted in outbreak analysis news 

reports.  These researchers plus the USDA have an ongoing $1.7 million collaboration to 

investigate sources of E. coli in agricultural systems.  After having met with Dr. Koike, I 

learned about his experiment done in fields to study E. coli survival under a variety of 

controlled conditions.  The results were not in yet, although the preliminary report didn’t find 

detectable levels of E. coli that survived in the field setting.  Many factors are likely involved 

which are still being investigated.  The next experiment to be conducted by Dr. Koike will be 

to study survival rates of attenuated (without Shiga toxin gene) E. coli O157:H7 strain in 

fields under controlled conditions.  This has never been done before due to the danger of 

working with any strain of pathogenic E. coli (even attenuated) in an open field test. 

The best and most accurate method for detecting pathogenic bacteria in the fields or 

at the retailer supermarket level would be to create a device which can detect activated cell 

surface markers for pathogenic bacteria strains and distinguish them from dead or inactivated 

strains of the same bacteria.  Distinguishing between activated and inactivated state can 

possibly be determined through a glycomic approach.  Glycomics analyzes cell surface 

“sugar” markers such as carbohydrates which dynamically change in response to activated or 

inactivated pathogenic states.  A lectin microarray has been shown to distinguish between 

activated and inactivated pathogenic states.  Functionalization of a PMN-PT TSM sensor 

with a lectin microarray for activated pathogenic bacteria could distinguish between false 

positives found in the 2% testing zone.  Drexel University has developed a PMN-PT MEMS 
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device (PEMS) which can detect small quantities of anthrax spores [50].  A similar 

functionalization setup using immobilized antibodies can be applied to test for multiple 

pathogenic bacteria strains like E. coli O157:H7 and Salmonella. 

A few examples of current innovative detection methods include a Canadian 

company called Pathogen Detecting Systems (PDS) which has a portable, automated 6 – 16 

hour test for detection of specific enzymes produced by any target bacteria (E. coli and other 

coliforms).  The bacterial enzymes cause targeted substrates in the pre-sealed container to be 

broken down to form fluorescent product molecules that rapidly accumulate into a polymer 

based optical sensor embedded in the test cartridge.  Fluorescent product enters the polymer 

film to provide a light signal so that light never passes through the sample, thus eliminating 

the potential for interference in even highly turbid samples. 

Also, Hanson Technologies has a method which takes 500 L wash water samples, 

isolates and extracts pathogens, and uses a fluorescence sandwich assay BioMEMS device to 

detect E. coli O157:H7 and Salmonella.  Their testing eliminates culturing the sample, which 

is what typically takes 16-36 hours to obtain results, and can test a large amount of wash 

water with accurate results.  Hanson Technologies conducted on-site testing pilot runs at the 

largest regional produce processor on the East Coast (Verdelli Farms) and at the largest 

supplier of value-added fresh produce on the West Coast (Taylor Farms).  The Taylor Farms 

pilot run took place in Salinas, California from October 15th to November 15th, 2007 and was 

done in collaboration with Trevor Suslow’s lab from UC Davis. 

Another interesting idea to consider is a method to better sterilize the water used by 

farms in their irrigation systems and at their processing plants.  A lab at AIST Tsukuba in 

Japan has a partnership with Royal Electric Co. to use nanobubble technology for water 

sterilization purposes.  It uses ozone and oxygen nanobubbles together to sterilize water in a 

way that is more than 50 times as powerful as chlorine and can eliminate 99.9999 per cent of 

E. coli bacteria in a given volume of water.  This could be a much more effective method for 

rinsing leafy greens than the current triple chlorine washing.  Currently, one of the biggest 

problems with pathogen testing is how to determine the proper sampling size.  More testing 

isn’t necessarily a guarantee that everything is completely safe and pathogen free.  Perhaps 

better sterilization techniques coupled with more advanced testing which can distinguish 

between dead and living cells would produce successful results.  Table A.1 [99] shows some 
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examples of common food and water-borne microbial pathogens.  Additionally, Figure A.1 

provides a visual description of the differences between the testing practices of the USA and 

Canada from the grower level all the way to the consumer level. 

 

Table A.1. Microbial Pathogens Linked to Outbreaks of Produce Associated Illness. 

Microorganism 
Incubation 

Period 

Infectious Dose 

(# of cells) 
Source 

BACTERIA 

Clostridium 

botulinum 
12 – 36 hours 

Variable, toxin 

in food 
Soil, lakes, etc. 

Escherichia coli O157:H7 2 – 5 days 10 – 1000 Animal feces, etc. 

Salmonella 18 – 72 hours 10 – 100,000 Feces, raw meat, etc. 

Shigella 1 – 3 days ≈ 10 Human feces 

Listeria monocytogenes 1 – 5 days Unknown Soil, food processing, etc. 

Cryptosporidium 1 – 12 days ≈ 30 Animal and human feces 

Cyclospora 1 – 11 days Unknown Unknown sources 

VIRUSES 

Hepatitus A 25 – 30 days 10 – 50 Human feces and urine 

Norwalk virus 12 – 48 hours Unknown Human feces 

Source: U.S. FDA Center for Food Safety and Applied Nutrition, 
“Analysis and Evaluation of Preventive Control Measures for the 
Control and Reduction/Elimination of Microbial Hazards on 
Fresh and Fresh-Cut Produce: Chapter IV” 
http://vm.cfsan.fda.gov/~comm/ift3-4a.html (Accessed April 24, 
2008). 
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Figure A.1. Fresh produce pathogen testing practices: USA versus Canada.  
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 The ability to detect trace amounts of chemical agents from the environment is a 
fundamental requirement for the next generation of miniaturized sensors.  This thesis 
investigates chemical sensing through surface mass detection using a piezoelectric material with 
a high piezoelectric coefficient, lead magnesium niobate-lead titanate (PMN-PT).  PMN-PT 
microbalances are fabricated by a microelectromechanical systems (MEMS) process and tested 
for chemical sensing ability.  Comparison of a quartz crystal microbalance (QCM) and PMN-PT 
thickness shear mode (TSM) sensor shows that PMN-PT is approximately 17,600 times more 
sensitive than quartz when exposed to acetone.  A polymethylmethacrylate (PMMA) layer (~110 
nm film thickness) is spin-coated onto the miniaturized PMN-PT and quartz substrates to 
demonstrate selectivity of the sensor for exposure to multiple chemical agents.  The PMMA 
functionalized PMN-PT is approximately 6,800 times more sensitive than PMMA functionalized 
quartz during exposure to acetone.  The PMMA functionalized PMN-PT is also exposed to 
varying concentrations of acetone, methanol, and isopropyl alcohol (IPA) using an experimental 
apparatus to deliver vapors directly to the sensor.  The miniaturized PMMA functionalized 
PMN-PT sensor produces a frequency drop between 279 and 595 kHz when exposed to varying 
concentration of chemical agents.  It is theorized that a non-labeled PMN-PT microbalance 
biosensor using carbohydrate and lectin recognition events will have a far smaller lower limit of 
detection (LLD) for E. coli bacteria than the 7.5 x 102 cells/mL recently demonstrated in a 
functionalized QCM. 


