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INTRODUCTION 
OSaa 

Many chemical analysis problems exist that encourage the development of small, lowcost, low power, chemical 

sensors. In many of these applications, while speciation of the sample is unnecessary due to prior knowledge of the 

sample constituents, it is necessary to monitor, in near real-time, the concentration of a particular species of interest. 

An example of this type of problem would be the monitoring of a chemical process such as steam reforming of 

chemical waste or ground water monitoring where prior laboratory analysis has determined the constituents.' *2n3 In 

applications such as these, it is worthwhile to trade off the sensitivity and speciation that can be obtained by taking 

individual samples and analyzing them in a laboratory for the near real-time, lowcost measurements that can be 

achieved using a solid-state transducer. 

Many different types of chemical sensors can be constructed from a limited set of transducer platforms by moditjing 

the chemically sensitive film (CSF) on the platform. For example, a surface acoustic wave (SAW) platform with a 

porous Si02 film on its surface has been used to detect moisture in HCI gas; the same circuitry and sample delivery 

hardware has been used to detect organic vapors by switching to a polymer film on the SAW platform? There are 

many other generic platforms that also have the ability to be used in multiple sensor applications by simply 

substituting the CSF on the transducer. Among these are optical fiber-based sensors and silicon-based sensors. 

One common element of each of these sensors is that binding of the chemical species of interest to the transducer film 

is required to af€ect the transducer and detect the species. In general, strong binding of a chemical species to a film 

results in a sensor that is very selective to a particular species but is not generally reversible. An example is a sensor 

formed from an Au film exposed to trace Hg vapor, amalgamation of Au by Hg at room temperature is highly specific 
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to Hg and is irreversible.' On the other hand, weak binding of the chemical of interest to the film results in a non- 

selective reversible sensor. An example is a reversible sensor made fiom a polymer film such as polysiloxane exposed 

to an organophosphonate vapor such as diisopropylmethylphosphonate @IMP). This same sensor would also 

reversibly detect other organophosphonates such as dimethylmethylphosphonate (Dh4MP): 

Another common element of all of these sensors is the need for the CSF to be bonded to the transducer platform. 

Many sensing films undergo swelling or have strains introduced on exposure. Several sensor platforms such as 

fiberoptic interferometers can exploit this phenomenon as an enhancement to their sensitiviE however, mechanical 

strains can also lead to failure of the sensor from debonding of the film. Therefore, a primary aspect of all sensor 

research and development is adhesion research. 

In this paper, several different types of sensor platforms and applications that require CSFs bonded to the platform will 

be discussed. Among these are surface acoustic wave (SAW) based sensors, optical fiber-based sensors, and Si-based 

sensors. Each will be described and applications will be discussed. 

ACOUSTIC WAVE SENSORS 

There are several different types of acoustic wave devices that have been used as sensors including surface acoustic 

wave (SAW) devices, acoustic plate mode, Lamb wave, flexural plate wave, and quartz crystal microbalance (QCM) 

devices. This discussion will be confined to SAW delay and SAW resonator-based sensors. However, all of these 

devices rely on a mass loading or stiffness change to modify the propagation of the acoustic waves through the 

medium. 

Surface acoustic wave (SAW) delay line devices consist of two interdigitated transducers separated on the surface of a 

piezoelectric substrate. An alternating electric field placed on one of the transducers results in a strain wave being 

launched across the substrate that is in turn reconverted to an alternating electric field by the second transducer. The 

velocity of the strain wave is a function of the surface mass density and the surface stiffness. A thin CSF (thickness is 

much less than the acoustic wavelength) is deposited on the surface between the transducers. As the species of interest 

is absorbed onto the film, the mass density andor stiffness of the film is changed resulting in a corresponding change 
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in the acoustic velocity of the wave. If this device is used as the feedback element of an oscillator circuit, the 

frequency of oscillation will change as a function of acoustic velocity and thus, chemical concentration. A SAW 

resonator is similarly constructed from two interdigitated transducers with the addition of acoustic mirrors formed on 

the substrate that produce an acoustic cavity. The SAW resonator has a very narrow bandwidth when compared to the 

SAW delay line resulting in a greatly reduced phase noise in the oscillator. However, the Q of the acoustic cavity is 

spoiled when the SAW resonator is coated with a CSF such as a polymer. Thus, SAW resonators are typically 

operated without a CSF, and the response is due to binding of chemicals to the bare surface only. SAW resonators 

give the advantage of lower phase noise at the expense of lower sensitivity. Depending on the application, this "trade 

off may be desirable. 

Figure 1 illustrates the response of a polyvinylphenol (PvPh) coated SAW delay line and a bare SAW resonator 

exposed to a ramp profile of n-methyl-2-pyrrolidinone (NMP). Examination of the data shows that coating the device 

provides a greatly enhanced response to the chemical exposure at the expense of recovery time. The bare resonator 

tracked the NMP ramp with less temporal distortion but was a factor of 100 less sensitive to the NMP. Thus, the 

differences in binding strength of the NMP to the bare Si02 substrate as compared to the binding strength of the NMP 

to the polymer film become a significant factor in the response characteristics of the sensor. 

The amplitude of the wave passing over the surface of the quartz has been calculated to be on the order of 5-10A. The 

CSF must be in vary close contact with the surface in order for the sensor to respond to the chemical exposure. 

Failures in several SAW sensor applications have been traced to partial debonding of the CSF from the sensor 

platform. 

OPTICAL FIBER BASED SENSORS 

Another technology that can be used to produce a generic sensor platform is fiberoptics. Again the literature reports 

many different types of fiberoptic sensors among which are "micromirror" technology and fiber interferometric 

sensors. The optical fiber has the advantage of being very small (125 p diameter) and constructed of a dielectric, 

chemically robust material (fused quartz). Thus, fiber optic sensors can easily be used in chemically harsh, electrically 

harsh, and potentially explosive environments. 
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Fiber micromirrors consist of a semi-transparent CSF placed on the tip of an optical fiber. The coating can consist of 

any material with an index of refraction that is different from the fiber and whose reflectivity can be made to change 

due to absorption of a chemical species of interest. Light is incident on the fiber/film interface resulting in a baseline 

reflectivity; as a chemical reaction or physical deposition occurs on the fiber end, the reflectivity changes. Thus, 

reflected power is measured as the sensor response. 

Figure 2 is a plot of the reflectivity of a bare fiber end exposed to a plasma of C& that grows an amorphous carbon 

film on the fiber end. The film is then removed by placing the fiber in an O2 plasma that oxidizes that film. The 

oscillating reflectivity change is a result of the carbon film adhering to the fiber end and forming a small optical cavity 

with a time varying thickness. 

Several adhesion related failure modes occur in this type of sensor. Among these is complete debonding of the film 

that results in a discontinuous reflectivity step as a function of time. More common is a partial debonding of the film 

that results in anomalous, irreproducible behavior of the sensor. This is difficult to diagnose since visual inspection of 

the film under magnification usually cannot detect this failure. 

An interferometric sensor can be constructed from an optical fiber that is coated along its length by a CSF. The film 

expands on exposure to the chemical of interest changing the optical path length of the sensing arm of the 

interferometer, counting fringes results in a measure of the chemically induced strain. Several different interferometer 

architectures have been constructed using optical fibers; among these are Michelson, Mach-Zender, and Sagnac 

styles. 

A Michelson interferometer is made by depositing highly reflecting AI or Ag mirror films on two ends of a fiberoptic 

four port coupler. The lengths of the fibers are matched to within one half of the coherence length of the light source. 

If the builder is careful, the fibers can be matched well enough to operate using a short coherence length 

semiconductor laser. Light is injected through one of the remaining fibers and the output is measured via the other 

remaining fiber. One leg of the interferometer is protected from the chemical by coating it with a protective film or 

leaving it bare and the other leg is coated with a CSF. Fringes are then counted as a function of time as the chemical 

is absorbed into the sensor leg. One disadvantage of a Michelson interferometer constructed this way is there is no 



means to determine the direction of the fringe shift as there would be in an open beam interferometer. Thus, 

preliminary laboratory studies must be undertaken to determine whether the induced strains are tensile or compressive. 

After determination of the sign of the strain, the fiber-based interferometer works very well. 

Figure 3 is a plot of a fiberoptic Michelson interferometer used to measure H20 absorption by a polymer film on the 

fiber. The fiber initially responds rapidly to the moisture, but the film eventually becomes saturated with H20 and 

swelling of the film stops. In this particular case, one leg of the interferometer is coated with a polyimide (Kerimid 

601’) and the other is coated with its original acrylate protective coating. Analysis of the transient behavior 

demonstrates that the response of the sensor to H20 fits a Fickian diffusion model. 

Interferometric sensors tend to fail when the sensitive coating debonds fiom the fiber resulting in anomalous, 

irreproducible behavior. Strong adhesion of the film to the fiber is essential to the repeatable, long term performance 

of this type of sensor. 

SILICON-BASED SENSORS 

Several types of chemical sensors fabricated on metal-oxide-silicon, field-effect transistors (MOSFETs) have been 

demonstrated. Typically, these are constructed by using a catalytic metal such as Pd as the gate of the MOSFET. Of 

particular interest is an H2 sensor constructed on this platform? 

A MOSFET is placed in a circuit that monitors changes in the device’s threshold voltage. An electric field is set up 

fiom the gate by the bias voltage. This produces an inversion channel in the p-type substrate between the n-type 

source and drain allowing current to flow. On exposure to H2 the Pd catalyzes the disassociation of the H2 into atomic 

H that then rapidly diffuses into the metal. The presence of additional protons fiom the atomic H modifies the electric 

field by creating dipoles at the Pdoxide interface and this changes the MOSFET’s threshold voltage. 

Figure 4 is data from the MOSFET showing the threshold voltage (Vd as a function of time during two exposures to 

1% H2 in N2. The baseline shows a l l l y  oxidized device, but purging deep H requires more time or elevated 

temperature to return back to baseline. The signal will eventually return to baseline if enough time is allowed to pass 

and the signal will be repeatable. 



Hydride formation of the Pd by the atomic H tends to strain the Pd frlm and has caused failure of the MOSFETs as a 

result of debonding of the Pd gate on exposure to high concentrations of H2. Pd undergoes an a to p phase transition 

when exposed to an atmosphere of Hz above 0.5%; this changes the dimensions of the film leading to film failure. By 

creating an alloy with 8% Ni, the phase transition can be shifted to a much higher partial pressure resulting in a sensor 

that can be exposed to much higher concentrations of Hz. 

CONCLUSIONS 

Several types of sensor platforms have been discussed that require a CSF to function. As illustrated in the example of 

NMP on the SAW sensor platforms, we have demonstrated that differences in adhesion of the chemical to the platform 

can result in marked differences in sensor performance. Depending on the particular application, a CSF could be 

chosen which has a large sensitivity at the expense of recovery time. Alternately, rapid recovery of the sensor might 

be a priority over sensitivity. 

All of the sensor platforms discussed.have experienced failures due to adhesion breakdown between the sensor 

platform and the CSF. Current sensor work involves research into techniques such as the PdMi alloy mentioned 

above to reduce the failure rate of sensors as a result of adhesion. Also, work has been undertaken to find “glue” 

layers that will improve the bonding between the CSF and the sensor platforms. Much work wil l  still be required to 

improve the adhesion of the CSF to the transducers in order to produce commercially viable, robust microsensors. 

This work was performed at Sandia National Laboratories and supported by the U.S. Dept. of Energy under contract 

DE-ACO4-94AL85000. 
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Figure 1. Plot of coated SAW delay lie response to a 120min NMF' ramp compared to response of a bare SAW resonator 
(response magnified by 100 times). Hysteresis is much smaller in the bare device as is sensitivity. 
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Figure 2. Plot illustrating the deposition of a thin amorphous carbon film on an optical fiber end and the subsequent removal of the carbon 
film by an 0 2  plasma. 
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Figure 3. Response of an optical fiber-based Mchelson interferometer exposuredto H20. Wavelength was 1300 mn 
indicating that the fiber was stretched 1.3 mm over its -1.5 m initial length by the moisture absorption. 
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Figure 4. Plot of MOSFET threshold voltage as a hc t ion  of time showing two expomres to 1% H2 in N2 followed by purges in 100% Nz. The first exposure 
introduces a permanent offkt in the response. 
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