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1.0 Executive Summary 

The objective of this work, which represents the baseline phase of a proposed two-phase 
program, was to demonstrate the feasibility of an intelligent, modular VOC monitoring system, 
based on an array of surface acoustic wave sensors integrated with signal processing and data 
management, for chemically selective and remote detection of classes of environmentally 
hazardous contaminants in water, soil-gas, and air. The demonstration was to focus on detection 
of the two most important classes of VOC contaminants in the U.S. industrial and defense 
establishments: chlorinated hydrocarbons and petroleum products (e.g., BTEX). The system 
was to incorporate a custom processor-to-sensor interface (PSI) developed to allow the IMAS 
module to interface with the E-SMART network. 

In order to demonstrate feasibility, it was first necessary to investigate the critical performance 
and reliability limits of the technology, focusing on sensor polymer coating, sensor measurement 
techniques, and manufacturing processes. A set of optimal sensor coatings and thicknesses for 
the TRP target chemicals was selected that gives the system the capability to both identify and 
quantify various vapors alone or in binary mixtures, and with or without humidity present. 
Considerable work was done developing modified polymers and surface chemistry treatments to 
improve polymer film adhesion and reduce the effects of interfacial water, dramatically 
improving the stability and reducing the noise and baseline drift observed when the sensor is 
exposed to humid air. Extensive designed experiments were performed to evaluate the best and 
most manufacturable approaches to polymer coating of the SAW sensor devices, and to 
characterize the reliability and lifetime of polymer coated devices under conditions of expected 
use. Coated devices were evaluated for film morphology, reproducibility, vapor sensitivity, 
selectivity, temperature stability, interfacial humidity resistance, and long term stability. 
Temperature compensation of the polymer coated devices was also demonstrated, showing the 
possibility of producing coated sensor devices with very good overall temperature stability, 
comparable to that of uncoated quartz SAW devices. A plan was developed for the mass 
production of SAW sensors appropriate for the volume requirements estimated based on 
potential market requirements. This manufacturing approach is currently being implemented at 
Microsensor Systems Inc., a wholly owned subsidiary of Sawtek Inc. that specializes in chemical 
sensor systems. 

Although the baseline phase goal for this program was to develop a fieldable testbed system 
capable only of classifying VOCs, the technical team had a more aggressive goal - being able to 
identify and quantify vapors alone and in binary mixtures with ambient humidity conditions. In 
order to accomplish this goal, a complete fieldable SAW sensor array testbed was developed and 
tested in the laboratory to verify the technological capabilities. The system is battery powered 
and is controlled by a laptop PC. This system was successfully demonstrated in a field trial at 
DOE'S Savannah River Site in June of 1998. Comparison of system performance with on-site 
reference methods such as gas chromatography (GC) and infra-red spectroscopy (IR) was 
favorable. 

A commercial product based on this testbed system which is now under development integrates a 
computer card and LCD screen for user interface into the testbed box without increasing the size 
of the overall system. This integrated unit is slated for initial sale in the fall of 1998. 
G:\TRP\I 998\FINALRPT.SAM 2 



1.1 TheTeam 

Sawtek, The Perkin-Elmer Corporation, General Atomics, Pacific Northwest Laboratory, and 
Sandia National Laboratories all contributed technical knowledge and development resources to 
complete the development of this program. 

Sawtek Inc. is a public company which develops and manufactures state-of-the-art SAW devices 
and subsystems for both defense and commercial applications. Sawtek is widely regarded as a 
technological leader in the SAW industry, both in the U.S. and abroad. In part as a result of this 
program, Sawtek is currently taking a leadership role in the successful development and 
commercialization of SAW chemical sensing technology. 

The Perkin-Elmer Corporation is a leading supplier of systems for chemical analysis and life 
science research used in markets such as pharmaceuticals, biotechnology, environmental testing, 
food, agriculture, ad chemical manufacturing. Areas of expertise used within this program 
include long-term leadership in instrumental design and performance evaluation, chemometric 
data interpretation and market assessment. 

General Atomics is a corporation which is historically well known for its extensive work in the 
area of nuclear power generation. General Atomics also has substantial capabilities in areas 
ranging from supercomputing to aerospace engineering and communicatiodcontrol technologies. 
For the past few years, General Atomics has done extensive work on the development of 
E-SMART, the Environmental Systems Management, Analysis, and Reporting neTwork. 

Pacific Northwest National Laboratory is a recognized leader in environmental and worker safety 
technologies. The group lead by Dr. Jay W. Grate is actively involved in the development of 
rational design and analysis methodologies for arrays of chemical sensors. Dr. Grate is 
internationally known for his development of sensor arrays and his direction of the first team to 
demonstrate polymer-coated SAW array sensing organic vapors while he was at the Naval 
Research Laboratory. He is a leader in the development of quantitative analysis, design, and 
prediction methods for SAW sensors, and has established an automated test facility for 
experimental evaluation of SAW array responses to a variety of test vapors. 

Sandia National Laboratories is internationally known for their development of microsensors and 
systems for physical and chemical measurements. Dr. Greg Frye's team has extensive experience 
in the development of SAW sensors for a variety of unique applications in chemical analysis and 
materials characterization. His team has developed custom, ruggedized SAW sensing systems 
for real-time, on-line or in situ measurements at various DOE field sites, and was the first to 
demonstrate exhaust stack, up-hole, and vadose zone monitoring of VOCs using SAW sensors. 
This real world experience guided the development of novel sensor coatings, automated sample 
handling, and pretreatment methods for vapor, liquid, and soil measurements. 

G:\TRP\ 1998\FINALRPT.SAM 3 



1.2 Summary of the Program 
The originally proposed project had one primaq objective: To develop a low cost integrated 
VOC measurement system, IMAS, that can detect, quantify, and report on chemical 
contaminants present in water, soil, and air in a minimally invasive manner. A two phase 
program was initially proposed. Phase 1 would investigate the critical performance and 
reliability limits of the technology, and Phase 2 would develop and demonstrate a fully integrated 
module in actual field conditions. 

Phase 1: Baseline Phase 
The objective of this phase was to demonstrate the feasibility of an intelligent, modular VOC 
monitoring system, based on an array of surface acoustic wave sensors integrated with signal 
processing and data management, for chemically selective and remote detection of classes of 
environmentally hazardous contaminants in water, soil-gas, and air. The demonstration was to 
focus on detection of the two most important classes of VOC contaminants in the US. industrial 
and defense establishments: chlorinated hydrocarbons and petroleum products (e.g., BTEX). 
The system was to incorporate a custom processor-to-sensor interface (PSI) developed to allow 
the IMAS module to interface with the E-SMART network. 

Phase 2: Option Phase 
The objective of this phase was to develop and demonstrate a prototype VOC measurement 
system that is compact, battery-operable, low-cost, modular, and having industry standard 
communications interfaces for both fixed network and mobile applications. The system was to 
provide selective detection of two important classes (chlorinated hydrocarbons/petroleum 
products) of environmentally hazardous VOCs in soil, water and air. Additional chemically 
selective sensor coatings and methods would be investigated for an array-based VOC analysis 
system to selectively detect individual environmentally hazardous compounds, with a focus on 
specific compounds from the two important classes of chlorinated hydrocarbons and petroleum 
products (BTEX). 

Only baseline phase funding was awarded on this program. Thus, this final report reflects the 
work done only on the baseline phase of this project. 

1.3 Summary of Technical Approach 
After comparative assessment of candidate technologies, the combination of polymer-coated 
SAW sensor arrays and integrated chemometrics was chosen based on the following criteria: 

RuggedLow Cost: SAW sensors are quartz substrate planar devices suited to high 
volume manufacture. 
Compact: typical sensor areas are on the order of a few mm2, arrays on the order of a few 
cm2. 
Versatile: multiple polymer coatings can be deposited to tailor chemical response of 
sensor array; future analytes can be sensed by simply changing the coatings to new 
materials. 
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Fast: when integrated with custom signal processing, response times are on the order of 
a few secmds. 
Reversible: polymer films are not chemically altered by the analyte being sensed; sensing 
is based on adsorption and physical molecular interaction between vapor and polymer. 
Intrinsically Safe: readout is by acoustic waves traversing the sensing film. 
Sensitive: capable of detection at sensitivities needed for regulatory levels (ppm-ppb). 
Selective: optimally chosen sensing films combined with pattern recognition techniques 
allow discrimination of vapors in a multicomponent mixture. 

This choice was based on both fundamental grounds and hands-on experience gained through our 
collaborative investigations with Sandia and PNL. Additional support came from the 
demonstration of SAW array/pattern recognition techniques for chemical warfare agents and 
aroma detection. Given this foundation, successful application of SAW array technoiogy to 
environmental and worker safety applications still required progress in several key areas that 
were addressed by this program. The major areas of work were: 

0 Developing the processes necessary to move the SAW sensor technology into a 

Developing the sensing (Sawtek) and pattern recognition technologies (PNL, Sawtek, 

Developing the sampling hardware and protocols to allow the above integrated module to 

Developing the sophisticated instrumentation to encase an array of chemical sensors into 

competitive, low cost, and reliable manufacturing position. (Sawtek, PNL) 

Perkin-Elmer) directed toward a specific set of industrialiy relevant chemical 
contaminants. 

address a range of water and soil chemical monitoring needs. (Sandia) 

an intelligent, robust, low cost, power conscious module capable of being merged easily 
into a communications/ monitoring network. (General Atomics, Sawtek) 

0 

0 

0 

The areas of most risk were in the repeatability and longevity of the SAW sensor polymer 
coatings, the sensor noise and stability needed to achieve desired limits of detection, and the 
accuracy of vapor transfer methods to measure water and soil VOC concentrations. 

1.4 Supporting Programs 
This program was designed to effectively leverage DOE Environmental Management funding 
(Office of Technology Development) of surface acoustic wave sensor research at both Pacific 
Northwest and Sandia National Laboratories. This program added critical funds to address the 
practical issues of interfacing to waterhoil sample (Sandia), detection in the presence of realistic 
inerferents, robust analysis and calibration methodologies (PNNL), and stability and reliability of 
the arrays in field conditions (PNNL/Sandia). The TRP leverage helped accelerate the transfer of 
this technology from the National Laboratories to the commercial marketplace. Additionally, the 
coordination of this effort with the related E-SMART TRP program led by General Atomics 
further leveraged TRP funding by taking advantage of the experience which has been developed 
under previous Air Force E-SMART development programs. 
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2.0 Program Goals 
Sawtek, General Atomics, Battelle Pacific Northwest National Laboratory, and Sandia National 
Laboratories proposed to develop a modular VOC monitoring technology under the Dual Use 
Technology Development Program. The program was divided into two phases. Only baseline 
phase funding was awarded on this program. Thus, this final report reflects the work done only 
on the baseline phase of this project. 

System specifications ready 
Commercialization Plan submitted 

Baseline Phase Program Goals 
Demonstrate the feasibility of an intelligent, modular VOC monitoring system, based on an array 
of surface acoustic wave sensors integrated with rea-time signal processing and data 
management, for chemically selective and remote detection of classes of environmentally 
hazardous contaminants in water, soil-gas, and air. The demonstration will focus on detection of 
the two most important classes of VOC contaminants in the U.S. industrial and defense 
establishments: chlorinated hydrocarbons and petroleum products (e.g., BTEX). 

March 1996 15 March 1996 
March 1996 15 March 1996 

3.0 Statement of Work and Description of Program Accomplishments 
The Statement of Work for this program was written to specify what would be accomplished 
during the program. The sections below reiterate what Sawtek and its partners committed to do 
in each task area, and summarizes the work done, accomplishments, and problems encountered 
in each area. It should be noted that Sawtek and Perkin-Elmer each assumed some of the tasks 

Preliminary Optimized Coated Sensors 
Multi-Vapor Array Evaluation 

denoted as "TBD Partner" tasks in the Statement of Work, with other consortium partners 
helping out as needed. The table below lists the program deliverables and schedule. 

May 1996 15 July 1996 
Sept. 1997 28 Sept. 1997 

1 Draft Major Milestones, Baseline Phase 1 Scheduled Completion Date* 1 Actual Completion Date 

Breadboard System Design Complete 
Technology Capability Demo 

Sept. 1996 15 Sept. 1996 
Sept. 1997 30 Sept. 1997 

Prototype Water Probe Complete 
Water PrototvDe Field Trial 

July 1997 15 Sept. 1997 
June 1998 18 June 1998 

~ ~~~ 

Baseline Phase Final Report Submitted 
I Defense Relevant Demo I July 1998 I 15 July 1998 

July 1998 24 July 1998 
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3.1 Sawtek Baseline Program Statement of Work and Summary of Accomplishments 

STK.B.l) SAW Sensor Process Development 
Task: Evaluate, select and develop manufacturing technologies for the fabrication of robust, 
reliable SAW chemical sensors. 

AccomDlishments: 
Sawtek and PNNL worked together to select a set of optimal sensor coatings for the TRP target 
chemicals. These polymers allow the sensor array to give widely separated responses in 
chemical space for different vapors, giving the system the capability to both identify and quantify 
various vapors. This work included the characterization of over 35 polymers, and the 
development of 5 proprietary polymer coatings. A considerable amount of work was done 
developing modified polymers and surface chemistry treatments to improve polymer film 
adhesion and reduce the effects of interfacial water, dramatically improving the stability and 
reducing the noise and baseline drift observed when the sensor is exposed to humid air. 

In order to develop reliable, low cost coating deposition processes for consistent, volume 
sensor fabrication, three deposition techniques were evaluated using various solvents along with 
multiple deposition conditions and post deposition baking steps. Extensive designed 
experiments were performed which evaluated the film morphology, reproducibility, vapor 
sensitivity, selectivity, temperature stability, interfacial humidity resistance, and long term 
stability. Based on the results of these experiments and manufacturing considerations, ultrasonic 
spray coating was selected as the coating technique to be used for production. 

A 100 MHz delay line sensor device was developed, as was a production level process for 
deposition of Si02 for device passivation. Optimal coating thicknesses were determined for the 
polymers used in this program, taking into account the effect of the coating on insertion loss 
combined with device sensitivity and stability considerations. Temperature compensation of the 
polymer coated devices was also demonstrated, showing the possibility of producing coated 
sensor devices with very good overall temperature stability, comparable to that of uncoated 
quartz SAW devices. 

Finally, a plan was developed for the mass production of SAW sensors appropriate for the 
volume requirements estimated based on potential market requirements. This plan includes 
using standard high volume automated assembly and test of individual sensor device assemblies, 
followed by automated polymer coating of the devices. This manufacturing approach is 
currently being implemented at Microsensor Systems Inc., a wholly owned subsidiary of Sawtek 
Inc. that specializes in chemical sensor systems. 

STK.B.l.l) Polymer Coating Process Development 
Task: Develop reliable, low cost coating deposition processes for consistent, volume 
sensor fabrication. 
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Accomplishments: 
Sawtek and PNNL worked together on the selection of a set of optimal sensor coatings for 
the TRP target chemicals. Sawtek also developed a unique predictive computer model which 
can be used to select polymers appropriate for sensing specific chemical vapors, and 
evaluated over 3 5 different polymers, developing 5 proprietary polymer coatings. A 
considerable amount of work was done developing modified polymers and surface chemistry 
treatments to improve polymer film adhesion and reduce the effects of interfacial water. A 
method was developed which chemically bonds the polymer film to the surface of the SAW 
substrate utilizing silane groups. This novel technique dramatically improves the stability 
and water resistance of the SAW sensors, reducing the noise and baseline drift observed 
when the sensor is exposed to humid air and producing linear calibration curves for humidity 
response. In addition to polymer selection and adhesion issues, Sawtek evaluated three 
deposition techniques using various solvents and solvent mixtures along with multiple 
deposition conditions and post deposition baking steps. Based on extensive designed 
experiments which evaluated the film morphology, reproducibility, vapor sensitivity, 
selectivity, temperature stability, interfacial humidity resistance, and long term stability, 
ultrasonic spray coating was selected as the coating technique with the most desirable 
performance and manufacturability characteristics. This technique has been implemented for 
use during the remainder of the program, and for low to moderate volume production. 

STK.B.1.1.1) Coating Selection 
Task: Select with the advice of partners a series of chemically selective polymer 
coatings. 

Accomplishments: 
Sawtek's sensor team investigated over 35 polymers for potential use as SAW sensor 
coatings. These include 30 polymers which were commercially available (though not 
necessarily recognized for use as SAW sensor coatings) or were formulated by PNL and 
provided to Sawtek for use on this TRP, and 5 polymers which were developed or 
modified by Sawtek and which are considered proprietary to Sawtek Inc. 

Initial suggestions for polymer selection were based on the LSER selection techniques 
used by PNNL and others. During the program, however, Sawtek's chemist developed a 
molecular thermodynamics based model for the interactions of vapors with polymers. 
This model is simpler than the LSER model in that it does not require the knowledge of 
several constants for the polymers, but instead has only two unknowns. These values can 
easily be obtained using fitting to experimental data. The model is also capable of 
predicting responses to multicomponent vapors, and predicting the variation of the 
interaction strength with temperature. This model has been found to be quite accurate, 
and is used to predict the strength of the response between a vapor and any given 
polymer. Use of this model allows for the selection of a near optimal set of polymers for 
a given application. Final polymer selection, however, depends on more than the 
vapor-polymer interaction strength. Coating chemical sensitivity, selectivity, stability, 
low noise, good film morphology, and good adhesion are important factors considered 
when selecting desirable polymer coatings. These factors cannot be evaluated without 

G:\TRP\ I998\FINALFWT.SAM 8 



extensive vapor testing. Sawtek and PNNL each tested an overlapping set of polymer 
coatings with single vapor challenges (Sawtek tested 25 polymers with 5 single vapors at 
multiple concentrations, PNL tested 20 polymers with 19 single vapors at multiple 
concentrations). Single component data from PNL's testing was used to generate 
multicomponent data assuming additivity of sensor responses. Seven single vapors and 
15 binary mixtures were evaluated at multiple concentrations. 

A set of six polymers was selected for use in environmental applications involving 
chemical vapors such as chlorinated hydrocarbons and BTEX. The identity of the 
specific polymers selected is considered Sawtek proprietary information. 

STK.B.1.1.2) Deposition Process Development 
Task: Reliable, reproducible, cost-effective polymer deposition is essential for the 
commercial production of SAW sensors. Techniques for both individual device and 
deposition will be developed and evaluated for consistency and performance, as well as 
compatibility with SAW processes. The most manufacturable approach(es) will be 
optimized and evaluated for mechanization to increase throughout and consistency. 

Accomplishments: 
Three approaches for polymer deposition were evaluated using a core set of 3 typical 
polymers, PIB, SXCN, and DEGA. These were selected to span the range of polymer 
physical and chemical characteristics, such as being liquid, solid, or grease, and 
interacting primarily through hydrogen bonding acidity, polarity, etc. The deposition 
techniques evaluated were spin coating, spray coating, and ultrasonic spray coating. 
Various solvents and solvent mixtures were evaluated, along with multiple deposition 
conditions and post deposition baking steps. Based on extensive designed experiments 
which evaluated the film morphology, reproducibility, vapor sensitivity, selectivity, 
temperature stability. interfacial humidity resistance, and long term stability, several 
conclusions were reached. First, all of the techniques evaluated yielded films with 
adequate selectivity characteristics. Second, the technique which yielded the best film 
morphology, long term stability, and vapor sensitivity for a majority of the coatings 
tested was spin coating. Results in these categories were slightly better for spin coating 
than for ultrasonic spray coating, and substantially better than air spraying. Spin coating, 
however, was substantially less reproducible than ultrasonic spray coating for all of the 
polymers tested, and showed slightly worse temperature stability and higher affinity for 
water for two of the three polymers. The results of some of these tests are shown in 
Figures 1 through 5. Since the inability to tightly control the film thickness translates 
directly to variations in the vapor sensitivity of individual sensors, spin coating was 
judged undesirable in spite of the somewhat better quality of films it produced. Finally, 
the technique which was best suited to automation based on manufacturing considerations 
was a spray technique. Based on all of these factors, ultrasonic spray coating was 
selected as the coating technique for use during the remainder of the program, and for 
production. 
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PI6 DEGA SXCN 
Polymer Coating 

Figure 3. Reproducibility of polymer film thickness for spin coated and ultrasonic spray 
coated devices. 

PIB DEGA SXCN 
Polymer Coating 

Figure 4. Temperature stability of spin coated and ultrasonic spray coated devices. A 
higher temperature coefficient indicates worse temperate stability. 
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Figure 5.  Sensitivity to water of spin coated and ultrasonic spray coated devices. 

In addition to selecting ultrasonic spray coating as the desired deposition technique, a 
considerable amount of work was done developing modified polymers and surface 
chemistry treatments to improve polymer film adhesion and reduce the effects of 
interfacial water. Instead of utilizing the physical deposition of the polymer used in 
ordinary coating techniques, a method was developed which chemically bonds the 
polymer film to the surface of the SAW substrate utilizing silane groups. This technique 
(illustrated in Figure 6) ,  which dramatically improves the stability and water resistance of 
the SAW sensors, is novel relative to that published in the literature and is considered 
Sawtek proprietary. In one instance, Sawtek's chemist was able to modify a 
commercially available polymer to drastically reduce its sensitivity to water, reducing the 
noise and baseline drift observed when the sensor is exposed to humid air. The results of 
this work are illustrated in Figure 7. In addition to reducing noise and drift, the sensors 
utilizing the modified coatings have linear calibration curves for humidity response, a 
dramatic improvement over the unmodified sensor responses, as shown in Figure 8. An 
additional modification process allowed the production of a polymer coating which is 
highly selective and sensitive to water, but which has low sensitivity for other vapors, 
including polar vapors. This coating is useful as a humidity sensor within the sensor 
array, allowing for the effects of humidity on other sensors to be taken into account. 
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covalent bonds and 
hydrogen bonds ___) 

at interface 

substrate of SAW device 

Figure 6 .  Schematic representation of the modified polymer film bonded to the SAW 
surface. 

: 400.55 

modified polymer 400.546 

400.545 
0 5 10 15 20 25 

Time (min) 
30 35 40 

Figure 7. Comparison of the response of a commercially available polymer and a modified 
polymer to water, showing substantially reduced sensitivity to water. 
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Figure 8. Humidity calibration curves for 400 MHz SAW sensors coated with 
unmodified PIB and a modified polymer. 

STK.B.1.2) Custom SAW Device and Process Development 
Task: Develop optimized SAW device for sensor use, develop processes required for 
fabrication of these devices. 

Accomplishments: 
A 100 MHz delay line sensor device was designed specifically for use with the sensor 
interrogation circuitry developed during this project. A production level process for 
deposition of SiOz was also developed for device passivation. Optimal coating thicknesses 
were determined for the polymers used in this program, taking into account the effect of the 
coating on insertion loss combined with device sensitivity and stability considerations. 
Temperature compensation of the polymer coated devices was also demonstrated, showing 
the possibility of producing coated sensor devices with very good overall temperature 
stability, comparable to that of uncoated quartz SAW devices. 

STK.B.1.2.1) SAW Device Fabrication Process Development 
Task: Develop processes for fabricating improved SAW devices for use in chemical 
sensing systems. Areas to be addressed include device passivation and chemically inert 
die mounting techniques and materials. and SAW surface temperature sensor and heater 
process development. 

G:\TRP\ 1998\FINALRPT.SAM 14 



Accomplishments: 

Device Passivation: 
Device passivation is necessary because some of the chemicals to be sensed and/or other 
corrosive chemicals in the environment can cause degradation of the aluminum electrodes 
of the SAW device. Sawtek developed a process for SiOz deposition in one of our 
production-level sputtering systems. A thin layer of SiO, is deposited onto the entire 
surface of the wafer of SAW devices. Vias are then photolithographically defined and 
etched through to the metal bond pads. In order to prevent corrosion of the bond pad 
region, these vias are then coated with a protective layer of gold. This passivation is 
highly effective, and no device failures have been observed due to corrosion of the metal, 
even when the devices have been exposed to environments containing HC1 and other 
potentially corrosive chemicals. 

Device surface temperature sensor and heater urocesses: 
Sawtek evaluated the possibility of depositing metal temperature sensors and heaters on 
the surface of the SAW die with the goal of obtaining highly accurate readings of 
temperature, and the ability to control the device temperature at the surface, where the 
sensing interaction is occurring. Although the idea seemed like a good one, some 
practical issues kept us from realizing this goal. First, the temperature compensation of 
coated devices described in the next section made extremely high precision temperature 
control less of a priority. Secondly, the manufacturing processes used for the temperature 
sensors needed to be ones that would not add process steps to the regular SAW sensor 
fabrication process, for cost reasons. Thus the sensors and heaters were fabricated out of 
aluminum as part of the ordinary production process. Making the temperature sensors out 
of aluminum, however, yielded devices with temperature set point accuracies which were 
entirely inadequate. For example, a given batch of sensors from the same wafer could 
have temperature sensors which, when at equilibrium with a given external temperature, 
would read out a temperature which could vary by 50°C. Any attempt to utilize this type 
of sensor would have involved trimming of individual devices, a prohibitively expensive 
technique for devices intended for mass production. Alternative metal processes were 
considered, but were decided against due to the reduced need for precision temperature 
control, and due to the favorable results being obtained using commercially available 
thermistors mounted to the SAW sensor package combined with temperature control 
using heaters for the SAW package. 
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STK,B.1.2.2) Develop Optimized SAW Device 
Task Develop design rules and techniques for optimal SAW sensor elements. This 
involves optimizing the sensitivity, noise performance, and thermal performance. These 
factors are functions of coating thickness, device design and configuration, and device 
thermal design and temperature control. 

Accomdis hments: 

SAW Device: 
The SAW devices used in the TRP program were all delay line devices. This was 
necessary due to the selection of electronic measurement approaches developed and 
evaluated. The device chosen for use is a 100 MHz delay line with 2.5 psec of delay. 
This device was selected based on the initial time domain recirculating pulse electronics 
measurement approach requirements for multiple pass reflection to not interfere with the 
desired signal. This device was also designed to be compatible with the in-phase and 
quadrature (I/Q) electronics measurement system initially developed by Sandia. 

Coating Thickness: 
Coating thicknesses for SAW sensors are generally measured in terms of the frequency 
shift they cause in the device, rather than absolute film thicknesses. Depending on the 
polymers in question and its physical characteristics and the frequency of the SAW 
devices, a given amount of insertion loss and frequency change in the SAW device can be 
caused by different absolute thicknesses of polymer films. Varying film thicknesses were 
evaluated, and nominal coating thicknesses of 200 kHz to 500 kHz shift were selected as 
optimal for the polymers used in terms of the effect of the coating on insertion loss 
combined with device sensitivity and stability considerations. 

TemDerature Control: 
SAW sensor temperature stability has historically been poor, with coated SAW sensors 
exhibiting temperature induced frequency variations on the order of -1 5 ppm/"C. Sawtek 
addressed this issue by examining the temperature dependence of various polymer 
coatings, and modifying the SAW device design to incorporate compensating temperature 
performance into the device. This yielded coated sensor devices with overall temperature 
stability comparable to that of uncoated quartz SAW devices, which are highly 
temperature stable. The plot in Figure 9 illustrates the comparison of temperature 
stability for typical coated SAW sensors, uncoated SAW devices, and the new 
temperature compensated SAW devices. This improvement in temperature stability 
relaxed the requirement for extremely tight temperature control. 
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Figure 9. Compensation of coated sensor temperature coefficient to performance 
comparable to ideal quartz behavior. 
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STK.B.1.3) Volume Fabrication Process Plan 
Task Generate a plan to implement volume fabrication of polymer coated SAW devices 
addressing development of the necessary tooling, process optimization through design of 
experiments (DOE) techniques, stabilization of the process through SPC, and estimation of 
the cost per packaged part. 

Accomplishments: 
This task was addressed following the acquisition by Sawtek of Microsensor Systems Inc. of 
Bowling Green, Kentucky. Before a plan could be developed, it was necessary to estimate 
the actual volume sensor device requirements potential markets would have. Since SAW 
devices themselves are often produced in extremely high volumes (millions of pieces per 
month), and the market opportunity for SAW sensors seemed much more limited, we did not 
assume our conventional "high-volume" production techniques would be the most 
appropriate or cost-effective approach. In order to estimate the market requirements 
realistically but conservatively, we evaluated the requirements of the Joint Chemical Agent 
Detector (JCAD) program for which MSI had submitted a proposal (teaming with 
Lockheed-Martin). This program has requirements for approximately 250,000 portable units 
for soldiers, each of which would have multiple SAW sensors. This program would require 
production capability of roughly 10,000 sensors per month, a moderate volume by 
conventional SAW manufacturing standards. Based on this moderate level of production 
required by the largest known application for SAW sensors, the decision was made to use 
low to moderate volume techniques for coating the SAW sensors. Standard, automated high 
volume production techniques will be used for the manufacture for the SAW devices 
themselves. This process will extend up through the final testing of assembled devices or 
subassemblies, prior to the coating process. Based upon the coating technique evaluations 
done, ultrasonic air spraying was selected as the most repeatable high quality process for film 
deposition. Also, plasma cleaning shortly prior to deposition of the films or chemical 
pre-treatment was necessary to provide good film adhesion. Thus, the volume fabrication 
process plan developed involves taking batches of tested bare devices, cleaning them and 
treating the surfaces as necessary, them spray coating the devices in a semi-automated system 
using ultrasonic spray atomization. The current systems used by MSI and Sawtek for device 
coating are capable of being automated to provide production in excess of 200 sensors per 
day per machine, which translates to over 4,000 sensors per month. Duplication of the 
existing systems could be accomplished in order to accommodate the required volumes as 
necessary. The volume fabrication process plan details are considered Sawtek and MSI 
proprietary. 
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STK.B.2) Preliminary Coating Reliability/Stability Testing and Improvement 
Task: Characterize reliability and lifetime of preliminary polymer coated devices under 
conditions of expected use. Evaluate preliminary coatings for durability, temperature sensitivity, 
and variation in sensitivity with thickness and morphology for each coating. 

Accomplishments: 
Sawtek and Perkin-Elmer conducted extensive tests designed to characterize the reliability and 
lifetime of polymer coated sensor devices. Perkin-Elmer measured the response of a seven 
sensor array to seven chemical vapors, trichloroethane, methyl ethyl ketone, isooctane, toluene, 
isopropanol, and water (60% RH). These tests were conducted using automated vapor sampling 
and data acquisition techniques with a measurement protocol that allowed for the subtraction of 
background responses, and allowed for the repetition of the tests with all compounds presented 
sequentially, separated by purges with pure dry air, approximately ten times every twelve hours 
for three periods of five to ten days each, with the periods separated by about ten days. A GC 
oven was used to maintain the sensor array at 45C k 0.01"C during the test periods. The array 
was allowed to cool to room temperature between test periods. The stability of the devices in the 
short term tests (twelve hours) varied for different polymer coatings and different vapors 
investigated. Typical relative standard deviations (RSDs) in device responses for VOC vapors in 
dry air ranged from 0.4% to 2% of the sensor response. For water vapor only, the RSDs were 
much larger, ranging from 5% to 20% of the sensor response. Long term stability measured 
within the 10 day periods showed 2% to 4% RSD for dry VOC vapor responses and 15% to 30% 
RSD for water responses. From these measurements, Perkin-Elmer determined that the single 
day repeatability of devices was excellent for VOCs and poor for water. Similarly, the ten-day 
stability was good to excellent for VOCs and poor for water. The water response was also found 
to decrease substantially over a period of 55 days, with no corresponding decrease in VOC 
sensitivity. In order to evaluate if RSDs of the magnitude observed are acceptable in pattern 
recognition applications, Perkin-Elmer used Principal Components Analysis (PCA) and a 
Mahalanobis distance metric to evaluate the data collected for stability of chemical 
discrimination. All compound patterns were found to be within the initial pattern variability of 
the same compound during one day of testing. After one day, however, no compounds were 
within their initial pattern variability with all polymer responses included. When only selected 
polymers were considered, substantially better stability was observed. Trichloroethylene, 
isooctane, and isopropanol demonstrated the best discrimination stability, and water 
demonstrated the worst. One promising result was the fact that all compounds were easily 
discriminated from one another on any given day. These results indicated a need for Sawtek to 
address the coated sensor device stability issues in order to stabilize the response patterns, and 
particularly to address the problems caused by water exposure. The surface chemistry and 
polymer modifications carried out which substantially reduced the effects of water on sensor 
responses have been described above in Task STK.B. 1.1.2. Sawtek determined that baseline 
drift can be minimized by baking the coated devices and "pre-aging" sensor devices prior to 
beginning their use in an array. Figure 10 illustrates the effects of aging on a PIB coated sensor 
device. All significant aging due to the polymer coating has occurred by the time the devices 
have been aged for 1000 hours. At this point, the continued aging of the devices is comparable 
to the aging of uncoated quartz SAW devices. Post coating baking of the devices was 
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investigated, and found to accelerate the aging process substantially. Device longevity was 
tested for multiple devices, and over a period of over 50 days the variation in the chemical 
sensitivity of each device at different times showed a standard deviation of less than 3% of the 
sensor response. 

Thermal stability of the coated sensor devices was also evaluated by Perkin-Elmer, using 
trichloroethylene as a test vapor and 40,45, and 50°C test temperatures. In order to provide 
discrimination stability adequate to retain responses within the daily replicate variability, 
temperature had to be maintained within 1 S"C. Quantification required temperature to be 
maintained constant within 0.3"C, which would retain the responses within two standard 
deviations of the nominal response. 

0 500 1000 1500 2000 

Time (hrs) 

Figure 10. Frequency drift as a function of time for 401 MHz resonator with 483 kHz PIB 
coating 
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STK.B.3) Testbed Development 

CCl, 
Toluene 

STK.B.3.1) Testbed System Specifications 
Task: Develop the system specifications for a fieldable SAW Sensing Array Testbed, and 
supporting sensors and sampling subsystems developed by the IMAS team members, for the 
measurement of a representative set of chlorinated hydrocarbons and petroleum hydrocarbons 
in air and water. 

2 PPm 
40 m m  

Accomplishments: 
Specifications for the fieldable SAW Sensing Array Testbed and subsystems were 
developed as part of the prototype development effort. The testbed was designed to be as 
small as practical, and to be operated using an external PC connected through RS-232, with 
or without the use of an E-SMART network serial gateway for control. The system has an 
onboard microcontroller capable of system control, sequencing valves, pumps, and other 
components. Pattern recognition occurs using software which was developed in a National 
Instruments LabWindowsm environment on the laptop PC. The system operating time goal 
was 4 hours on battery operation (exclusive of the laptop). Chemical sensitivity limit of 
detection (LOD) specification goals for VOCs in air were determined by calculating 20% of 
the levels in found in OSHA regulations in 29 CFR 19 10.1000. These LODs are shown in 
Table I below. System accuracy goals were k 20% from five to fifty times the specified 
LOD and _+ 10% from fifty times LOD to 50% saturated vapor pressure. The system 
selectivity goal for the baseline phase was set at 95% correct classification into the chemical 
classes of chlorinated VOC's, BTEX, or "Other". 

Chloroform 
Ethyl Benzene 

1.1.1 TCA 

The fieldable SAW sensor array testbed developed successfully met all of the system 
specifications developed for it, and was able to detect certain chemicals at concentrations 
lower than the LOD specified. For example, TCE and PCE in air can both be detected at 1 
ppm, lower than the 20 ppm system goal specified. System LODs were not calculated for all 
of the chemicals originally specified, as the realizable system LODs tend to depend to some 
extent on potential interferents and other application-related issues such as allowable 
preconcentration cycle time. 

I *  

10 ppm * 
20 PPm 
70 ppm 

Table 1. SAW sensor testbed system specification goals 
I Compound I LOD in air I 
I TCE I 20 PPm I 
I PCE I 20 DDm I 

I Benzene I I 

* Note: A11 limits of detection are for the extended preconcentrating mode 
except for choloroform, which is sensed using direct sampling 
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STK.B.3.2) Testbed System Architecture 
Task: Design the Baseline Program Laboratory Testbed architecture. The design will 
consider the integration of aidwater sampling subsystems, sensor interrogation, 
measurement calibration, and data analysis. 

Accomplishments: 
A system architecture for the fieldable SAW Sensing Array Testbed and its subsystems was 
designed as part of the prototype development effort. The testbed was designed to be as 
small as practicable, and to be operated using an external PC connected through RS-232, with 
or without the use of an E-SMART network serial gateway for control. The system has an 
onboard microprocessor capable of system control, sequencing valves, pumps, and other 
components. Pattern recognition is performed using software which was developed in a 
National Instruments LabWindowsTM environment on the laptop PC. The user interface was 
also effected on the laptop. The testbed was designed to automatically sample the test vapor 
stream or headspace, and to interface with a water sampling accessory which allowed 
sampling of vapor generated by passing air through the water sample. 

The system architecture is shown in a schematic form in Figure 1 1. This figure reflects the 
system architecture for the final fieldable testbed system. It consists primarily of 5 sections, 
the sensor manifold, vapor control assembly, power conditioning unit, microcontroller 
assembly, and the laptop computer. The sensor manifold consists of the sensor array, sensor 
interrogation electronics, and sensor and preconcentrator temperature control circuitry. The 
vapor control assembly consists of vapor handling equipment including pumps, valves, a 
preconcentrator, piping, a scrubber, and nafion tubing. The power conditioning unit contains 
electronics for providing regulated power to the various subsystems. The microcontroller 
assembly contains the hardware and software required to control the system sequencing and 
operation. The laptop PC provides a platform for the chemometric software calculations, and 
provides a convenient and flexible user interface. System sequencing can also be controlled 
from the laptop if so desired. 

STK.B.3.3) Testbed and Sub-system Development 

STK.B.3.3.1 
Task: Specify the target set(s) of coatings, electrical specifications, chemical sensing 
capabilities, thermal properties, and packaging requirements, for the SAW based 
chemical sensors to be evaluated in the Testbed. 

Accomplishments: 
As described in task STK.B. 1.1.1 above, a set of six polymer coatings was selected for 
use in the SAW sensor array testbed. These polymers allow the sensor array to give 
widely separated responses in chemical space for different vapors, giving the system the 
capability to both identify and quanti@ various vapors. Specifically, the coatings chosen 
allow for the simultaneous detection and quantification of TCE and PCE in a mixture 
with varying levels of humidity. 
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As described in task STK.B. 1.2.2 above, 100 MHz SAW delay line sensor devices 
passivated with SiOz were designed, fabricated, and tested. The sensor devices were 
specifically designed to work with the sensor interrogation circuitry developed during this 
program. Coating thicknesses were chosen to optimize the device responses taking into 
account the effect of the coating on insertion loss combined with device sensitivity and 
stability considerations. Temperature compensation of the polymer coated devices was 
also demonstrated, showing the possibility of producing coated sensor devices with very 
good overall temperature stability, comparable to that of uncoated quartz SAW devices. 
In order to properly interface with the sensor interrogation circuitry, six sensors were 
mounted in a 24-pin DIP package, as described in STK.B.3.3.3. Polymer coatings were 
deposited on the individual sensors by shielding adjacent sensors during the polymer 
deposition process. 

STK.B.3.3.2) Sensor System Test Equipment Development 
Task: Design and build or specify and purchase the gas dilution and delivery equipment 
and electronic test equipment necessary for testing and characterization of SAW sensor 
devices, arrays, and finished sensor systems. 

Accomplishments: 
In order to adequately characterize the SAW sensor devices and systems, it was necessary 
to equip the laboratory with precision vapor generation equipment, ancillary gas 
distribution equipment, safety related items for proper handling of the vapors in question, 
and specific electronic test equipment. The layout of the sensor laboratory is shown in 
Figure 12. For purposes of safety, the lab was equipped with explosion proof fume 
hoods, with charcoal scrubbed exhaust. The room was designed with negative pressure 
and an independent air conditioning system to allow precise control of room temperature 
and humidity. A VG-400 vapor dilution system manufactured by Microsensor Systems 
Inc. was borrowed from Sandia National Laboratories at the start of the TRP program. 
Two additional Environics vapor generators were purchased later in the program to 
enhance capabilities. One of the Environics systems produces calibrated mixtures of up 
to three chemical vapors at varying relative concentrations. The other Environics system 
is useful for automated testing using single chemicals at varying calibrated levels of 
dilution, with or without the presence of a known amount of humidity. These three 
systems, along with gas cylinders, mass flow controllers, regulators, and related 
equipment provided Sawtek's sensor laboratory with the capability of automatically or 
semi-automatically generating precise vapors containing a mixture of up to 3 vapors with 
water, a necessity for efficiently characterizing the large numbers of sensor devices 
tested. Single vapors were also used straight from the cylinders or diluted, with or 
without the addition of humidity. Calibrated levels of humidity alone could also be 
generated using this equipment. Electronic test equipment including a HP8753 network 
analyzers, ovens, and assorted other small equipment were allocated from Sawtek's R&D 
equipment inventory for this work, with some small pieces of equipment being purchased 
for the program (DVM's, etc.). Additional equipment was necessary for the pre-treatment 
of the sensor devices prior to polymer deposition, and for characterization of the wetting 
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of polymers to the device surfaces. A plasma cleaner was obtained for device cleaning, 
and a contPct mgle goniometer was obtained for making contact angle measurements for 
analysis of polymer adhesion. It should be noted that none of the major equipment 
purchased for use in the TRP program was funded using DOE or consortium cost-share 
funds. Sawtek independently funded the purchase of these items. 

n 

h p , M  
WORK BENCH 

Q 

Figure 12. Sawtek SAW sensor laboratory layout. 
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STK.B.3.3.3 
Task: Specify, design, and build or have built the Testbed SAW sensor support 
subsystems, including, but not limited to: multiplexed sensor interrogation circuitry, 
sensor temperature control circuitry, and control hardware/sofiware. These subsystems 
will be developed with the goal of understanding and eventually optimizing the balance 
between the key criteria (e.g., performance, cost, power, size, and weight) of a 
commercially viable product. 

AccomDlishmen ts: 
All of the following system components and subsystems were developed with low cost, 
small size, and low power as primary considerations. Currently developed hardware was 
also a factor in the selection of certain components. 

Sensor array: 
Six SAW sensors were assembled into an array in a 24-pin dual in-line package (DIP), 
one of the larger packages standardly used in SAW device manufacturing. The array 
package was selected to interface with the I/Q interrogation circuitry developed by Sandia 
National Labs. Small tubes were added to the ends of the package cover, allowing the 
vapor to enter and leave the sensor chamber. In order to provide good RF performance 
while allowing for easy array replaceability and good array thermal control, the DIP 
package containing the SAW sensors was mounted within a gold-plated brass carrier, as 
shown in Figure 13. 

Multiplexed sensor interrogation circuitry: 
Two approaches for the sensor interrogation circuitry were developed and evaluated 
during this program, a recirculating pulse delay measurement system, and an in-phase and 
quadrature (I/Q) measurement system. 

Time domain measurement system: 
Initially, Sawtek's electronics development team looked at the fundamental sources of 
noise in the SAW sensor, including such effects as multiple transit signals, and 
determined that the most precise, noise-free way to measure the changes occurring in the 
SAW sensor would be to use a pulsed delay measurement scheme. This approach would 
recirculate a pulse through the SAW sensor under test, and measure the overall delay 
change observed. Recirculation many times can expand a small device delay change, 
such as 1 picosecond, to a much more measurable change such as 1 microsecond. 
Pseudorandom phase encoding of the recirculating RF pulse was used to render the 
desired detected pulse statistically independent of multiple reflections, effectively making 
them a source of zero-mean gaussian noise. Frequency or interval counting can be used 
to measure the delay changes. The measurement system approach is shown 
schematically in Figure 14. 

As developed and tested, this system used a set of parallel capacitive discharge drivers to 
drive an array of eight SAW sensors, and used multiplexed counting electronics. 
Laboratory tests with this system proved to be very noisy, not due to the fundamental 
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Figure 13. SAW sensor array mounting assembly. 
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Figure 14. Time domain recirculating delay measurement approach 
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measurement technique, but due to variations in the electronics from channel to channel. 
As an example, Figure 15 below shows the change in delay between an uncoated and a 
coated SAW device as measured using each port of the delay electronics and a network 
analyzer. Clearly, the different port measurements vary by as much as k 85% of the 
reference network analyzer measurement. In addition to the wide variation in measured 
delay change for a fixed actual delay change, the testbed electronics exhibited poor short 
term stability and long term drift, both of which also varied widely from port to port. 
This behavior is shown in Figure 16. Finally, the temperature dependence of the delay 
measurements of the different ports of the delay measurement system were highly 
inconsistent, as shown in Figure 17. 

Based on the poor stability and lack of reproducibility of delay measurement data from 
the time domain measurement testbed, this method of sensor measurement was 
determined to be untenable, and the decision was made to discontinue work on this 
approach. 

4 15 
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Figure 15. Change in delay time between an uncoated and a coated SAW device as 
measured using each port of the time domain electronics and a network 
analyzer. 
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Figure 16. Short term stability (7 min.) and long term drift (35 min.) of each 
measurement port of the time delay electronics and the network analyzer 
measured using uncoated sealed SAW devices. The temperature was 
controlled at 30°C (+ 0.1 5OC). 
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Figure 17. Time delay vs. temperature measurements made using uncoated sealed SAW 
devices in the time delay measurement electronics. 
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I/O measurement system: 
Sandia National Labs developed and patented an in-phase and quadrature (I/Q) 
measurement system under a related TTP program. When the Sawtek time domain 
electronics approach proved unusable, the development team chose to use the I/Q 
measurement approach, which had been previously demonstrated as a viable technique. 
Sawtek's electronics team developed new boards based on the SNL I/Q system approach, 
modifying some aspects for improved FW performance, and selecting more economical 
alternatives for some of the components used in the system. Measurements made using 
the I/Q testbed yielded high quality data with low noise levels and consistently 
reproducible results. The I/Q system measures both amplitude and phase, however in the 
current instrument, only the phase data is utilized. Figure 18 below shows the phase 
changes in millidegrees for each of the six SAW sensors in the sensor array when the 
array is exposed to a binary mixture of TCE and PCE. Figure 19 shows the I/Q 
measurement approach. 

- Sensor1 

Sensor2 

- Sensor3 

Sensor4 

Sensor5 

- Sensor6 

0 10 20 30 40 50 60 
Time (second) 

Figure 18. SAW sensor phase response to a binary mixture of TCE (125 ppm) and PCE (550 
ppm) as measured with the I/Q system. 

G:\TRP\ I 998\FINALRPT,SAM 31 



I X 
3 
>; r 

Figure 19. I/Q SAW sensor measurement scheme. 
Phase = tan-'(VQNI) 

Magnitude = (VI' + VQ2)IR 

G:\TRP\ I998\FINALRPT.SAM 32 



Sensor temperature control circuitry: 
Sensor temperature control was effected using a resistive heater element attached to the 
SAW array package. The control system used a platinum resistance thermometer in the 
sensor package as feedback to a proportional-integral-differential control circuit. The 
setpoint was controlled at 45°C & 50 mdeg. This level of temperature control was found 
to be adequate for the SAW sensor testbed array operation. 

Vapor handling system: 
The vapor handling system for the portable SAW sensor array testbed is shown in Figure 
20 below. The system was designed to allow both real time and preconcentrated vapor 
testing, using scrubbed ambient air as a system purge gas. The preconcentrated mode is 
used for vapor concentrations below approximately 50 ppm. In the preconcentrated 
mode, the vapor is pulled through a preconcentrator for a predetermined amount of time. 
The preconcentrator is then heated to rapidly desorb the chemical from the sorbent 
material in the preconcentrator, providing a concentrated slug of vapor to the sensor array 
and allowing detection of lower concentrations of vapors. Typical operating cycle times 
for the system to load the preconcentrator, desorb, and measure the sensor responses, can 
range from 5 to 20 minutes for the purposes of this program. The nafion tubing is of a 
counterflow type as shown in the detail of Figure 20. Dry air (pulled through a 
dessicator) is passed through the outer sheath of the tubing while the humid sample is 
passed through the inner tube. Since nafion is permeable to water, the humidity in the 
sample equilibrates with the outer sheath air. This equalizes the relative humidity of the 
sample with that of the baseline purge air. This technique allows substantial reduction in 
the errors historically caused by humidity in SAW sensor systems. 

Power supply and conditioning electronics: 
The power supply and conditioning electronics were designed for battery operation with 
voltage regulation adequate for the I/Q system requirements and for maintaining constant 
vapor flow rates. A 9.6 Volt, 3500 Amp-hour rechargeable nickel metal hydride battery 
pack was used, and charging electronics were integrated into the instrument. The system 
will operate continuously for approximately 8 hours under a full charge. 

Microcontroller control hardware and software: 
The control and sequencing of the measurement cycle is performed by an 805 1 -based 8 
bit microcontroller. Embedded code in the microcontroller sequences the valves, pumps, 
and preconcentrator as well as collecting data from the sensor interrogation circuitry. A 
laptop PC was used for the chemometric pattern recognition software, and to provide a 
graphical user interface for the instrument. RS-232 communications were used to 
communicate with the instrument. In addition, the instrument could be controlled with 
and E-SMART network controller placed between the laptop and the instrument. 
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Figure 20. SAW sensor array testbed vapor handling system 
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STK.B.3.3.4 
Task: Collect training and test data for the chemometrics effort. Includes lrarious 
vapors, coatings, mixtures, and concentrations. 

Without Preconcentrator 
TCE(ppm) P W P P m )  

2 25 

5 10,25 

10 10, 25, 50, 100 

Accomplishments: 
The testbed system was exposed to a range of vapors, individually and in combination, at 
varying concentrations, and data was collected for use in the development of 
chemometric models. Specifically, single vapors and binary mixtures were tested in 
samples with three different levels of relative humidity (RH). For single vapors, eleven 
different vapors were tested at several different concentrations and relative humidities. 
The eleven chemicals tested were: benzene, toluene, p-xylene, ethyl benzene, chloroform, 
carbon tetrachloride, trichloroethylene, perchloroethylene, n-hexane, methyl ethyl ketone, 
and 2-propanol. TCE, PCE, and binary mixtures of TCE and PCE at 0%, 40% and 90% 
RH were selected to collect detailed training data for the SRS demonstration. Two of the 
goals of this testing were to verify the additive assumption for vapor responses previously 
used to select desirable coatings, and to determine whether or not the system is capable of 
identifying and quantifying binary mixtures in the presence of varying levels of humidity. 
All of the data for chemometric training was collected with the sensors at 45°C. 
Calibration curves for TCE and PCE alone are linear, both with and without 
preconcentration, and are shown in Figures 34 and 35 in task TBD.B.1.3 below. TCE 
was tested at levels from 50 ppm to 7000 ppm unpreconcentrated and from 1 ppm to 50 
ppm preconcentrated. PCE was tested at levels from 25 ppm to 3500 ppm 
unpreconcentrated and from 1 ppm to 25 ppm preconcentrated. In order to cover the 
same concentration ranges as for TCE and PCE alone, 52 tests were run for the TCE/PCE 
mixture without preconcentration, and 3 1 tests for the mixture with preconcentration. 
The concentrations of TCE and PCE for these tests are shown in table 2 below. 

With Preconcentrator 
TCE(PPrn) P W P P m )  

1 1,2,5,  10 
2 

5 
1, 2, 5, 10, 25 

1,2, 5, 10, 25, 50 
25 

50 

5, IO,  25, 50, 100, 200 

5, 10,25, 50, 100, 200, 400 

10 
25 

1,2, 5, 10,25, 50 

2, 5, 10, 25, 50 

I 100 I 10,25,50, 100,200,400,800 I 50 I 5, 10,25 I 
400 

800 

I600 
3200 

I 200 125,50, 100,200,400,800, 16001 100 I 10,25 I 
50, 100,200,400, 800, 1600 

100,200,400,800, 1600 

200,400,800, 1600 
400,800, 1600 
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STK.B.4) LaboratorylField System Demonstrations 
Task: Participate in laboratory and field demonstretions of Testbed. 

Accomplishments: 
The fieldable SAW Sensing Array Testbed was demonstrated at the DOE'S Savannah River Site 
(SRS) in Aiken, Georgia, June 1 6'h through June 1 8'h 1998. The demonstration was successful, 
with the testbed system measuring PCE and TCE in various streams. The system was able to 
identify and quantify these compounds, even when they were present in mixtures or in the 
presence of HC1 and other potential interferents. The system measurements were confirmed with 
an on-site gas chromatograph (GC), and were found to be accurate to within the errors similar to 
those exhibited by the GC. Both null samples where no chemicals were detected and positive 
samples were measured and confirmed. During preliminary testing at the site, the system was 
successfully operated both under its own control and controlled by a set of E-SMART serial 
gateway devices. However, during the formal field demonstration, the E-SMART system control 
did not function properly. During the post-test examination of the devices, a 
commercially-available circuit board used to control one of the devices was determined to have 
malfunctioned and may have directly caused the communication failure. It will be sent back to 
the manufacturer for further evaluation. The water sampling accessory could not be 
demonstrated due to a lack of availability of water samples during the demonstration period. 

Figures 2 1 and 22 are photographs taken at the demonstration site. Figure 2 1 shows three of the 
TRP team members, from left to right, Chris Colbum of Sandia National Labs, Kevin Vetelino of 
Sawtek Inc., and Dr. Ming Fang, also of Sawtek Inc. Figure 22 is a close up showing (on the 
left) the battery operated SAW sensor array testbed next to the larger, plug-in B&K infrared 
VOC detection system used at SRS. In figure 21, The SAW sensor array testbed is the small 
blue box at the bottom center of the photograph. The equipment which provides a backdrop for 
the picture is an incinerator used in a bioremediation process currently in place at SRS (the 
782-4M in-situ bioremediation site). In brief, the remediation system operates by injecting 
nutrients into a contaminated zone using a horizontal well, allowing microorganisms to degrade 
the VOCs of concern, and extracting air from the vadose zone. This contaminated air is then 
passed through an incinerator to bum the VOCs. The SAW sensor array testbed was 
demonstrated at both the inlet of the incinerator and at the outlet stack. TCE and PCE were 
present as a mixture in both vapor streams, and other components including HC1 were also 
present in the outlet stack stream. Figure 23 clearly shows the reduction in TCE and PCE caused 
by the incineration process. Five separate samples were taken at approximately 10 minute 
intervals from the inlet and from the stack. Figure 24 shows a comparison between the 
concentrations of TCE and PCE measured using the SAW sensor array testbed and those 
measured using an on-site GC. Good agreement between the two techniques is obtained, 
particularly considering the presence of potentially interfering compounds in the vapor stream 
such as TCA and chloroform, which were detected in the inlet stream with the GC. Table 3 
shows numerically the information presented in Figure 24. 
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Figure 2 1. TRP team members and the SAW sensor array testbed in front of an incinerator at 
the 782-4M in-situ bioremediation site at Savannah River. 
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Figure 22. Comparison of the battery operated SAW sensor array testbed and a B&K 
infrared VOC measurement system. 
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Figure 23. TCE and PCE concentrations measured at the incinerator inlet and stack. 
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Figure 24. Comparison between the concentrations of TCE and PCE measured using the SAW 
sensor array testbed and those measured using an on-site GC. 
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Sample Date Sample Site SAW sensor 
TCEIPCE 

GC TCERCE 

I 6/17/98 I 782-4M stack I 5/175 (ppm) I 5/156(ppm) I 

6/8/98 
6/8/98 

6/ 1 7/98 

' GC detected 5 ppm TCA 
GC detected IO ppm chloroform 

782-4M inlet 23/181 (ppm) 24/162 (ppm)"' 
782-4M stack 3/145 (pprn) 4/123 (ppm) 
782-4M inlet 44/290 (ppm) 331272 (pprn)' 

STK.B.5) Program Technical & Administration Coordination and Reporting 
- Task: Sawtek will establish specifications and acceptance criteria for the deliverables of the 
program partners, issue interim program status reports and deliver a final report on the 
performance of the Testbed and supporting subsystems. 

Accomplishments: 
Sawtek managed this program using a combination of techniques, including team coordinating 
meetings which occurred at various sites, site visits to participating members, extensive e-mail 
and phone communication, and written reports. Strategic decisions on technical and 
programmatic issues were made by the team in accordance with the consortium Articles of 
Collaboration. Interim program status reports were submitted to the DOE Program Officer 
quarterly during the project. Sawtek also had financial management. This final report represents 
the conclusion of Sawtek's program management responsibilities regarding this TRP project. 
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3.2 General Atomics Baseline Program Statement of Work 

GA.B.l) System Specifications 
Task: Consult with Sawtek in developing the system specifications for a fieldable SAW Sensing 
Array Testbed, and supporting sensors and sampling subsystems for the measurement of a 
representative set of chlorinated hydrocarbons and petroleum hydrocarbons in air and water. 

Accomplishments: 
General Atomics worked with Sawtek's RF electronics engineers to ensure that the fieldable 
SAW Sensor Array Testbed was designed to interface with and be controlled by the E-SMART 
network serial gateway. This involved primarily technical consultations on the interface 
requirements and system protocols. 

GA.B.2) Communications & Control Interface 
Task: Specify, design, build or have built, and integrate into the Testbed a network 
communications and control interface (including software, firmware, and hardware) for Testbed 
integration into the E-SMART network. Control in this context is limited to interpreting network 
commands and passing off to another controller (PC for the Baseline Phase). These commands 
may include "wake-up", ''take measurement", "identify self I, "send data", "go to sleep mode", 
etc. 

Accomplishments: 
General Atomics provided the team with serial gateway devices which could be connected 
between the laptop PC and the sensor system using RS-232 connections. These devices were 
successfully used to control the sensor system during laboratory and initial field trials. 

GA.B.3) Field Tests 
Task: Assist Sandia and other team members in selecting a suitable test site(s), review proposed 
test(s), and participate in Testbed evaluation(s). 

Accomplishments: 
General Atomics participated in selection of the Savannah River Site as a desirable demo 
location. In addition, Tinker Air Force Base was considered as a potential demonstration site due 
to General Atomic's other activities there, but this choice was rejected once General Atomics 
decided not to hold their E-SMART TRP BTEX sensor demonstration there. 

GA.B.4) Administrative Support and Project Management 
Task: Interface with project participants, track progress towards deliverables, track budget and 
expenditures, prepare progress reports, agreements, and internal documentation. 

Accomplishments: 
General Atomics was active, as were all team participants, in reviewing the program status from 
both a financial and technical point of view at each coordinating committee meeting. They also 
received copies of the status reports sent to DOE quarterly for review. They assisted as 
necessary in preparation of internal reports, publications, and project related documentation. 
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3.3 Sandia National Laboratory Baseline Program Statement of Work 
The Sandia base phase will leverage results and experience fron DOE-funded program TTP 
AL-2-11-04 which is aimed at reliable acoustic wave sensor systems for field use. 

SNL.B.l) Literature and Expert Survey on Water and Soil Methods 
Task: Conduct a literature survey and carry out discussions with regulators and industrial 
experts on water and soil sampling techniques for VOC analysis and relevant partition data for 
VOC detection using water-to-vapor and soil-to-vapor transfer techniques. Select optimal 
methods and compile listing of partition coefficients (versus temperature) for selected VOCs in 
water and estimates of ranges of partition coefficients in soils. 

Accomplishments: 
The literature and expert survey on water and soil methods resulted in consideration of 
technologies that have enough demonstrated capabilities to be easily used as part of an EPA 
certified method. These were purge and trap sampling, static headspace sampling and 
solid-phase microextraction (SPME). Of these, it was clearly apparent that purge and trap 
(sometimes referred to as dynamic headspace analysis) is the sample introduction method 
favored by the EPA (all the methods for volatile organic analysis in water and soils we identified 
used the SW-846 purge and trap method 5030A for sample preparation). Purge and trap 
sampling of water and soil matrices consists of purging or bubbling an inert gas (usually helium 
or nitrogen) through the liquid or slurried soil onto a chemical trap containing activated charcoal 
or another adsorbent (often times a polymeric adsorbent). Newly designed volatiles vials (VOA 
vials) include specialized soil sampling vials which incorporate active stirring of the sample with 
a stirring bar and specialized sparging needles. There is a wide range of available adsorbents 
depending on the type of sample to be trapped. There is a wide range of available adsorbents 
depending on the type of sample to be trapped. These adsorbents selectively adsorb the organic 
analyte and usually are partially dried by flowing inert gas across the adsorbent before the 
temperature is raised to desorb the attached organic analyte into a concentrated vapor pulse. 
Advantages of purge and trap sample preparation are low detection levels based on the 
concentrating effect (static headspace sampling does not provide any concentrating effect) and 
improved analyte recovery with dynamic stripping. In addition, since the purge and trap 
technique relies on purging the bulk of the VOCs out of the water or slurried soil sample, it is 
relatively insensitive to changes in partition coefficients due to changes in the temperature of the 
water or soil sample. Both static headspace sampling and SPME are sensitive to sample 
temperature. Regarding partition coefficients, vapodwater values (Henry's Law coeficients) at a 
single temperature (25 "C) were tabulated for key VOCs including chlorinated hydrocarbons and 
BTEX compounds. Since the typical procedure for soils is to slurry the soil sample by addition 
of water, the vapor/water values are relevant for the soil analysis as well. Because of the 
advantages listed above and the fact that purge and trap is compatible with the adsorbent 
preconcentrator we use for lowering our vapor phase detection levels, this technique was chosen 
for use for water and soil analysis. 
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SNL.B.2) Preliminary Laboratory Evaluation and Report on Soil Analysis 
Task: Modify the water samplizg prototypes developed under TTP AL2-2-11-04 for soil 
analysis and evaluate the detection of soil samples contaminated with known concentrations of 
key VOCs. 

Accomplishments: 
This task was redirected for two reasons. First, the survey under SNL.B. 1 indicated that the 
preferred technique would be to slurry the soil by addition of water so that the analysis is very 
similar to that performed for a water sample (the mass of soil needs to be known to relate the 
response to actual soil concentration). Thus, specific soil testing was not needed to very viability 
of the technique. Second, additional work by Sandia was needed on the electronics and system 
assembly for the fieldable testbed so hnding earmarked for this task was used for these tasks. 

SNL.B.3) Design and Fabricate Field Ready Water Probe Prototypes 
Task: Using the results of DOE TTP-AL2-2- 1 1-04, choose an optimum water sampling method 
and design and fabricate a small, low power, field-portable water sampling prototype that can 
interface directly with the Consortium developed VOC monitoring Testbed. Develop methods 
for operating the sampling system and for data analysis. Evaluate basic capabilities. 

Accomplishments : 
Sandia developed, tested, and delivered to the team a purge and trap water sampling accessory 
for use with the fieldable testbed. This sampling system took advantage of the fact that an 
adsorbent preconcentrator was already an integral component of the testbed system. Thus the 
only additional component needed was a purge vial compatible with the flow properties 
generated by the sampling pump. After investigating various options, we selected a miniature 
impinger that has a glass frit for purging the sample and a graduated flask that can hold up to 25 
mL of water. This impinger is low cost ($35 each in low volume), has inert glass surfaces, and 
can provide effective purging at the > 100 rnL flow rates often used by the system. Tests 
demonstrated that as little as one minute of purging could provide reasonable quantification. To 
facilitate EPA certification, S W-846 Purge and Trap Method 5030A glassware, adsorbent 
preconcentrator specifications, and operational conditions could be used. However, these 
procedures use lower flow rates and longer purge times and, therefore, are not as useful for rapid 
field screening, one of the most promising applications for the SAW array technology. in 
addition, the thermal desorption protocols would require much more power than with the current 
design. 

SNL.B.4) Laboratory Evaluation and Field Test of Water Analysis System 
Task: Working with General Atomics and other Consortium members, select a field test site and 
identify VOCs expected. Using the VOC monitoring system and the prototype sampling system, 
perform laboratory calibrations of water samples contaminated with expected VOCs. Take 
hardware to the field site and use for field screening and analysis of water with comparison data 
obtained by a conventional laboratory method. Summarize results and make recommendations 
for improvements. 
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Accomr,lishments: 
Smdia, in cooperation with the TRP team, selected the DOE'S Savannah River Site (SRS) as a 
field test site for the testbed system. Unfortunately, water samples were not available at the SRS 
during the system field demonstration, so the water sampling accessory was not demonstrated in 
the field. Laboratory measurements, however, were conducted by Sandia and Sawtek to 
determine calibration factors for the water sampling accessory, and verification tests were carried 
out to check performance. Calibration data is shown and discussed in task TBD.B. 1.3 above, and 
verification testing in task TBD.B. 1.2. Recommendations for improvement to the water 
sampling accessory relate primarily to the ruggedness of the accessory. A modified sampling 
system which would withstand harsh field conditions, including possible shock and vibration, 
would be necessary for a practical commercial system. 

SNL.B.5) Administrative Support and Project Management 
- Task: Interface with project participants, track progress towards deliverables, track budget and 
expenditures, prepare progress reports, agreements, and internal documentation. 

Accomplishments : 
Sandia was active, as were all team participants, in reviewing the program status from both a 
financial and technical point of view at each coordinating committee meeting. They generated 
and disseminated reports on their activities related to this technology but funded under other 
mechanisms (TTP's, etc), and assisted as necessary in preparation of internal reports, 
publications, and project related documentation. 
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3.4 Battelle Pacific Northwest National Laboratory Baseline Program Statement of Work 
The PNNL base phase leveraged an associated DOE program TTP RL353003 for the evaluation 
and development of SAW sensor arrays for the detection of chlorinated hydrocarbons. In the 
OTD program, polymers were selected and tested against single vapor challenges for 
identification of chlorinated hydrocarbons as a class, using pattern recognition techniques to 
process the array data. The TRP funding was used to transfer technology to Sawtek and other 
Consortium partners, and to provide consultation on issues related to sensor testing approaches 
and apparatus development, sensor coating materials and methods, and sensor performance. 

PNL.B.l) Support Multi-Vapor Test System Development 
Task: PNNL will provide expertise to assist Sawtek and other Consortium members in 
developing in-house multi-gas test system development capabilities. PNL will write a brief 
written summary of vapor generation, dilution, mixing, and delivery approaches, noting the 
trade-offs involved in each and subtleties involved in implementing them. References to more 
detailed literature and reports will be included. PNNL will review and consult on the methods 
implemented by Sawtek and other industrial partners. 

Accomdishments: 
PNNL provided Sawtek with a written summary of vapor generation, dilution, mixing, and 
delivery approaches, along with consultation on the systems being acquired and developed by 
Sawtek. Consultation included on-site visits at both Sawtek and PNNL and evaluation of data 
collected from different systems under development. 

PNL.B.2) Polymer Selection and Coating Deposition Transfer and Support 
Task: PNNL will transfer the polymer selection information, surface preparation, and coating 
deposition methodology to Sawtek with sufficient detail to duplicate PNNL's processes. The 
information will be transferred by a written report, to be followed by oral instruction and travel 
to Sawtek if necessary. PNNL will provide consulting support throughout the program in 
coating and process improvements through review of industrial partner results, and possibly 
independent experimental / theoretical investigation at PNNL. 

Accomplishments: 
PNNL provided written reports on the techniques used for polymer selection, surface 
preparation, and coating deposition. Consulting was also provided throughout the program, 
including evaluation of the quality of films deposited using Sawtek's techniques, 
recommendations for process improvements, and comparison of Sawtek's novel polymer 
selection technique with that used by PNNL. 

PNL.B.3) SAW Sensor Array Testing 
Task: PNNL will test a select set of coated sensors against a select group of single vapors. The 
purpose of these tests will be to provide independent test results to those obtained by Sawtek and 
industrial partners. These tests will consist of challenging the sensors against calibrated vapor 
streams and measuring the responses. Each set of tests will consist of a maximum of 14 sensors, 
against a maximum of 8 vapors, each at a maximum of 8 concentrations. Test results and 
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observations will be transmitted in written form. Three such sets of tests will be conducted 
during the program. 

Accomplishments: 
To facilitate collaboration and technology transfer, and to help prepare for field demonstrations 
of the SAW technology, a major focus of PNNL's work was to evaluate and calibrate consortium 
developed SAW array hardware. PNNL performed its evaluation on a consortium developed 
SAW array test system. This system used an I&Q operation method developed at Sandia, a 
SAW array package developed at Sawtek and polymers jointly selected by Sawtek and PNNL 
and applied by Sawtek. 
PNNL's evaluation included examining morphology of Sawtek-applied coatings, testing sensor 
array against 8 single vapors in dry nitrogen (each at ten concentrations) to generate a training set 
for single vapors, testing the sensor array against binary mixture of vapors in dry nitrogen, to 
generate a training set for mixtures, repeat testing against binary mixtures in dry nitrogen to 
generate dry mixture prediction set, and testing against binary mixtures in humid nitrogen to 
generate humid mixtures prediction set. 

SIMCA models were developed from the training sets for single vapors and mixtures using phase 
data only, attenuation data only, and both types of data . Mean centering and autoscaling of data 
were examined. For both pattern recognition by SIMCA, and quantification, the phase data only 
was better than the attenuation data only, and was as good or better than using both types of data. 
Therefore, the phase data alone are the preferred data to use. In SIMCA pattern recognition, 
mean centering was found to be the best data preprocessing technique, while in the quantitative 
analysis, autoscaling was the best. Misclassification of vapors in the dry prediction set and 
humid prediction set using phase data and mean centering were similar. Thus recognition of the 
vapors in humid air, for which there was no training, was essentially as good as the vapors in dry 
air. The errors in the quantification of vapors in the humid prediction set was slightly greater 
than the error in the quantification of vapors in the dry prediction set. Again, it is worth 
emphasizing that were was no training for humid conditions, yet quantification can be done using 
dry calibration data. 

PNL.B.4) Administrative Support and Project Management 
Task: Interface with project participants, track progress towards deliverables, track budget and 
expenditures, prepare progress reports, agreements, and internal documentation. 

Accomplishments: 
PNNL was active, as were all team participants, in reviewing the program status from both a 
financial and technical point of view at each coordinating committee meeting. They generated 
and disseminated reports on their activities related to this technology but finded under other 
mechanisms (TTP's, etc), and assisted as necessary in preparation of internal reports, 
publications, and project related documentation. 
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3.5 Consortium Partners Baseline Program SOW 
The following tasks were performed by Sawtek and Sandia National Labs. 

TBD.B.l) Testbed Sub-system Development 

TBD.B.l.l 
- Task: Specify, design, and build or have built a vapor manifold subsystems to control 
delivery of gases to the Testbed sensor array. This subsystem design will be mechanically, 
electrically, and thermally compatible with the sensors and support electronics. 

Accomdishments : 
Sawtek designed and built a vapor manifold subsystem for use in the SAW array sensor 
testbed. Details of the subsystem are discussed above in SOW task STK.B.3.3.3. 

TBD.B.1.2 
- Task: Investigate efficient analysis methods (e.g., chemometrics) for the measurement of 
multicomponent gas mixtures using sensor arrays, and recommend appropriate coatings for 
optimal sensor array performance. Integrate analysis algorithms into the Testbed system 
software. Perform analyses on data from sensor characterizations and determine the 
capability of the multi-sensor approach to measure chlorinated hydrocarbons and petroleum 
hydrocarbons in the presence of background interferences. 

Accomr>lishments: 
Sawtek, in consultation with PNNL, SNL, and expert consultants in the chemometrics field, 
developed chemometrics techniques for the analysis of single vapors and mixtures of up to 
two vapors in the presence of varying levels of humidity. The techniques involve the use of 
principle components analysis (PCA) for building models for chemical identification based 
on test data and partial least squares (PLS) and polynomials PLS (POLYPLS) for generating 
models for quantification of chemical concentrations. Figure 25 shows a typical response 
pattern for a six sensor array exposed to six different chemical vapors. Wide variation in the 
response of the polymers is clearly visible, indicating that analysis with PCA is likely to be 
capable of explaining the variability observed in the data and properly identifying the vapors. 
Figure 26 shows the results of a typical PCA analysis, showing the separation of the various 
vapors in a three dimensional space defined by the three principal components. Predictive 
identification of unknown vapors is performed using the soft independent method if class 
analogy (SIMCA) and a tool called SIMCA PRD. Prediction of the concentration of a new 
sample is done using a tool called POLY PRED. Figure 27 shows the capability of SIMCA 
to identify a single vapor, even when data similar chemicals is also being evaluated. The four 
TCE points in the lower left hand quadrant of the graph represent four different 
concentrations of TCE, all of which are clearly identified and separated from PCE, CTC, and 
the other possible interferents. This demonstrates the powerful capability of the SAW arrays 
to discriminate between similar vapors. K-nearest-neighbor (K-NN) cluster analysis is used 
in evaluation of polymer array selectivity, and can classify vapors into predefined groups. 
Figure 28 shows the classification of eleven vapors into five groups using K-NN analysis. 
The groups are defined in this case as water, nonpolar BTEX, less polar chlorinated 
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hydrocarbon, polar chlorinated hydrocarbon, and strong polar alcohol or ketone. These 
groups can be defined as appropriate for a given application. 

The method followed for chemometric model development, testing, and use consists of 4 
steps: training data collection, model development, model verification, and model use. 
Initially, training data for sensor response to varying levels of individual vapors and vapor 
mixtures is collected. Since the models developed based on training data best identify and 
quantify vapor concentrations within the range tested, the vapor concentrations tested should 
span the range of concentrations likely to occur in an application. Similarly, varying levels 
of humidity should be included in the vapor samples if they are likely to occur in the 
application environment. Once the training data has been collected, a PCA calculation is 
performed to identify the principal factors influencing the sensor responses, and the degree of 
response variation described by these factors. Separate models are generated for each vapor 
or vapor combination considered. These models are then put together into a collection of 
models used for chemical identification in SIMCA. PLS and POLY PLS are used to generate 
a quantification model, PLS for data following a linear response with concentration and 
POLY PLS for data that is non linear. Once the models are generated, they must be verified 
through comparison of the chemical identity and concentration predicted by the model for 
new test data (not included in the training data for the model) and the known true chemical 
identity and concentration. Provided model predictions match known sample characteristics 
within acceptable error limits, the model is considered acceptable. For example, Figures 29, 
30, and 3 1 below show a comparison between the prediction based on sensor responses and 
the developed models, and the actual known concentrations of the chemical vapors used as 
verification data for TCE, PCE, and mixtures of TCE and PCE. Figures 32 and 33 show a 
comparison between the prediction based on sensor responses and the developed models, and 
the actual known concentrations of the chemical vapors used as verification data for TCE and 
PCE measured using the water probe accessory. Notice that the sensor concentration 
calculations for all of the verification tests are quite close to the actual concentrations, and are 
well within the relative accuracy specification goals set for the system. 
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Figure 25. Typical response patterns of a six SAW sensor array to six vapor challenges. 

Figure 26. Results of PCA performed on data from ten VOCs and water. 
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Figure 27. Discrimination of TCE from other VOCs using SIMCA 
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Figure 28. K-NN cluster analysis of eleven vapors showing grouping into five groups. 

G:\TRP\ 1998\FINALRPT.SAM 50 



10 - 

1 
samples 

Figure 29. Verification of sensor system model predictions for TCE using known gas 
standard. 
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Figure 30. Verification of sensor system model predictions for PCE using known gas 
standard. 
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Figure 3 1. Verification of sensor system model predictions for TCEPCE mixtures using 
known gas mixture standards. 
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Figure 32. Verification of sensor system model predictions for TCE using the water probe 
sampling accessory. 
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Figure 33. Verification of sensor system model predictions for PCE using the water probe 
sampling accessory. 

In actual use, the routine SIMCAPRD is used to compare new data with the SIMCA model 
stored in the instrument. If concentration information is desired, POLYPRD is used to 
compare the new data with quantification models generated previously. Currently, the SAW 
sensor testbed array uses software that runs in a MATLAB environment for chemometric 
model development. The predictive software that uses these models to identify which 
chemical(s) are present, quantify the chemical(s), and calculate a degree of certainty for these 
determinations, runs in a National Instruments LabWindowsTM environment on the PC. 

TBD.B.1.3 
Task: Investigate calibration methods and supporting hardware for optimal sensor array 
operation. This may include investigation of both external gas calibrations and internal 
system electrical/thermal calibrations. 

Accomdishmen ts : 
Although the baseline phase goal for this program was to develop a fieldable testbed system 
capable only of classifying VOC's, the technical team had a more aggressive goal - being able 
to identify and quantify vapors alone and in binary mixtures with ambient humidity 
conditions. In order to be able to identify vapors. good system calibration is not required, 
since only the normalized sensor responses are required. However, in order to quantify the 
vapors, good vapor calibration information is required. Calibration data was collected for 
both TCE and PCE in humid air, and in water using the water sampling accessory. Varying 
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levels of concentrations were tested, with low concentrations being tested using 
preconcentration, and concentrations over 50 ppm being tested without preconcentration. 
PLS calibration models were developed based on this training data, and verified using 
separate sets of testing data not used in the model development. The calibration data 
collected for the instrument under these conditions is shown in Figures 34 through 37 below. 
Figure 34 shows the calibration curves for TCE in humid air. Notice the good response 
linearity for all sensors, both with and without preconcentration. Similarly, Figure 35 shows 
linear responses for all six sensors for PCE with and without preconcentration. Figure 36 
shows the calibration curves for TCE in water using preconcentration and the water probe 
accessory for testing. Once again, the sensor responses are almost perfectly linear. The 
calibration curves for PCE in water as tested with preconcentration and the water probe 
accessory are shown in Figure 37. While the responses for PCE are slightly nonlinear, a 
good linear approximation can be made over any decade of concentration desired. 
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Figure 34. Calibration curves for TCE in humid air (T=45"C, RH=90%). 

G:\TRP\l998\FINALRPT,SAM 54 



1 

1 10 100 1000 10000 
PCE in air (ppm) 

Figure 35. Calibration curves for PCE in humid air (T=45"C, RH=90%). 
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Figure 36. Calibration curves for TCE in water using a water probe and preconcentrator. 
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Figure 37. Calibration curves for PCE in water using a water probe and preconcentrator. 

TBD.B.2) Testbed Integration and Demonstration 

TBD.B.2.1 
Task: Integrate the sensor support subsystems, vapor handling manifold, sensors, and 
control and communication hardware and software into a fieldable Testbed. Evaluate 
Testbed performance in a laboratory environment. 

Accomplishments: 
Sawtek and SNL worked closely on adapting the Sandia I/Q measurement electronics for use 
in a testbed system designed and integrated by Sawtek. The overall system, a picture and a 
schematic diagram of which are shown in Figure 38, has external dimensions of 8 in. x 11 in. 
x 3.25 in. and weighs 9 pounds. A schematic of the system interior is shown in Figure 39, 
showing the major system components. The system is battery powered, and is controlled by 
a laptop PC. A commercial product based on this testbed system which is now under 
development integrates a computer card and LCD screed for user interface into the testbed 
box without increasing the size of the overall system. This integrated unit is slated for initial 
sale in the fall of 1998. 

Once the SAW sensor array testbed system was developed, it underwent extensive laboratory 
testing. In addition to the calibration testing discussed in task TBD.B. 1.3, extensive testing 
was required for the collection of training data for development of the chemometric models 
and for verification tests as discussed in TBD.B. 1.2 above. 
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Figure 38. Photograph and schematic drawing of the exterior of the SAW sensor arraJ 
testbed unit. 
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Figure 39. Schematic of SAW sensor array testbed interior. 

TBD.B.2.2 
Task: Integrate the Testbed with the SNL supplied water sampling probe prototype. 
Evaluate performance in a laboratory and field environments. 

Accomplishments: 
Sawtek and SNL worked together to integrate the water probe prototype with the SAW 
sensor array testbed. Laboratory measurements were conducted by Sandia and Sawtek to 
determine calibration factors for the water sampling accessory, and verification tests were 
conducted to check performance. Calibration data is shown and discussed in task TBD.B. 1.3 
above, and verification testing in task TBD.B. 1.2. As described in task SNL.B.4 above, 
water samples were not available at the SRS during the system field demonstration, so the 
water sampling accessory was not demonstrated in the field. 
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TBD.B.3) Administrative Support and Project Management 
Task: Interface with project participats, track progress towards deliverables, track budget and 
expenditures, prepare progress reports, agreements, and internal documentation. 

Accomplishments: 
The Perkin-Elmer Corporation was active, as were all team participants, in reviewing the 
program status from both a financial and technical point of view at each coordinating committee 
meeting. They generated and disseminated reports on their activities related to this program, and 
assisted as necessary in preparation of internal reports, publications, and project related 
documentation. 

4.0 Patents and Publications 

The following is a list of patents and publications arising out of this effort. 

Method and Apparatus for Phase and Amplitude Detection, R.W. Cernosek, G.C. Frye and S.J 
Martin; U.S. Patent No. 5,763,283; Issued 6/9/98. 

"Optimizing Signal-to-Noise Ratio in Polymer Coated SAW Vapor Sensors via Noise 
Reduction", 1 88'h Electrochemical Society Meeting, Oct. 8-1 3, 1995, Chicago, Brent Horine, 
ming Fang, Jorgen Andersen, and Gregory C. Frye. 

"Deposition of Polymer Thin Film in SAW Sensor Fabrication", The Sixth International Meeting 
on Chemical Sensors, July 22-25, 1996, Gaithersburg, Ming Fang, Ana Hogan, and Brent 
Horine. 

"Detection of Organic Chemicals by SAW Sensor Array", The 7th International Meeting on 
Chemical Sensors, July 27-30, 1998, Beijing, Ming Fang, Kevin Vetelino, Michael Rothery, 
Jacqueline H. Hines, and Gregory C. Frye. 

"Volatile Organic Chemical Analysis by a Portable SAW Sensor Instrument", Submitted to 501h 
Pittsburgh Conference, March 7-1 2, 1999, Orlando, Ming Fang, Kevin Vetelino, Michael 
Rothery, Jacqueline H. Hines, and Gregory C. Frye. 
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5.0 Program Financial Summary 

Party Budgeted Actual DOE funds Net 

Sawtek $ 799,254 $2,168,615 $ 779,503 $ 1,389,112 
Perkin-Elmer $ 330,000 $ 199,240 $ 86,470 $ 112,770 

Expenditures Expenditures received expenditures 

----------- DOE $ 865,973 $ 865,973 ----------- 

The TRP program was set up as a cost-sharing program. Table 4 summarizes the amounts 
contributed by each of the parties to this agreement. 

Industry Budget 
cost share Overrun 

64.1% 73.8% 
56.6% -65.8% 

---------- --------- 
Totals: I $ 1,995,227 I $2,367,855 I $ 865,973 I $ 1,501,882 I 63.4% 1 18.7% I 
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