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Sandia National Laboratories, an 8500+ person,
multiprogram research and development facility
operated for the U.S. Department of Energy,
has over 400 research, development and
applications scientists and engineers working
on sensor technologies. Sandia's 20 person
Microsensors Research and Development
Department has invented, developed and
fielded sensor systems based on acoustic, fiber
optic, and silicon microelectronic technologies.
These sensors have been used for diverse
applications including the monitoring of cleaning
chemical concentrations in industrial process
effiuent streams, detection of explosive gas
concentrations in aging industrial equipment,
real-time measurements of fluid viscosity in
equipment lubricants, and monitoring of
contaminant concentration levels in ultrapure
process gases. Representative sensor
technologies available for technology transfer
will be described including bulk acoustic wave
resonators, surface acoustic wave devices, fiber
optic micromirror sensors, and silicon
microelectronic sensors.

INTRODUCTION

There have been significant sensor research
and developments activities at the U.S. national
leboratories during the past 40+ years, primarily
for applications of great national interest such
as national security. Due to the sensitivity and
Emited access of many of these developments,
commercialization of this technology has not
occurred at a pace commensurate with other,
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more public, technologies. In response to past
national security concemns, secrecy was actively
sought for many of these technologies. Now
that the intemational political situation has
substantially changed from the "cold war” era,
new, government sponsored initiatives abcund
to commercialize this technology. At the U.S.
national laboratories these initiative range from
aggressive technology licensing programs to
collaborative research and development
programs to commercialize technology. One
such program, the U.S. Department of
Energy's (DOE) Defense Program (DP)
Technology Transfer Initiative (TT1) actively
seeks to commercialize "dual use”
technologies. The TTI program enables industry
and national labs to jointiv fund the
commercialization of national labs technology to
the benefit of both industry and the DOE.
Numerous other programs have been initiated
to encoulage the commercialization of these
technologies with specific industrial sectors and
small businesses.

This paper will summarize a limited sample of
microsensors technology developed at Sandia
National Laboratories and currently involved in
technology transfer programs or available for

technology transfer. Sandia is an 8500+ person,

multiprogram research and development facility
operated for the U.S. Department of Energy.
Currently, Sandia has over 400 research,
development and applications scientists and
engineers working on some form of sensor
technologies.

This work was performed st Sandia Nationa! Laborstories, supported by the U. S. Department of

Energy under contract No. DE-AC04-76P00789.
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Sandia's 20+ person Microsensors Research
and Development Department has invented,
developed and fielded sensor systems based
on acoustic, fiber optic, and silicon
microelectronic technologies. These sensors
have been used for diverse applications
including the monitoring of cleaning chemical
concentrations in industrial process effluent
streams, detection of explosive gas
concentrations in aging industrial equipment,
real-time measurements of fiuid viscosity in
equipment lubricants, and monitoring of
contaminant concentration levels in ultrapure
process gases. This paper will summarize
representative sensor technologies available for
technology transfer including bulk acoustic
wave resonators, surface acoustic wave
devices, fiber optic micromirror sensors, and
silicon microelectronic sensors.

BULK ACOUSTIC WAVE RESONANCE
SENSORS

Several sensors have been developed based
on the well established quartz crystal
microbalance (QCM) concept.' Thickness shear
modes are electrically excited in thinned
piezoelectric crystals using atternating vofttages
apphed to surface electrodes. Shifts in resonant
frequency are calibrated to indicate surface
mass changes. A widespread initial application
of these devices was for monitoring the
thickness of vacuum deposited metals.
Typically quartz is used as the piezoelectric
material due to the relatively mature quartz
technology, stable temperature characteristics,
and low costs; the AT-cut quartz crystal is used
for bulk thickness shear mode resonators. More
recently, these devices have been extended to
monitor a wide variety of physical and chemical
parameters.

Researchers at Sandia and elsewhere have
utiized the tremandous sensitivity of the sensor
platform undetlying the quartz crystal
microbalance metal thickness moniior to
develop an entirely new class of sensors. This
sensor platform has been shown to be able to
detect small changes in the mass of a surface
film attached to the quartz crystal. in addition,
changes in the elastic stiffness of a film? and
even small changes in the fluid properties of a
quid surrounding the piezoelectric crystal® can
be detected.

Sandia researchers have demonstrated a QCM
type sensor that monitors the degradation of jet
fuel. Depending on a jet fuel's starting
petroleum source, refinery process details,
storage time-temperature profile, temperature
during flight, and other factors, the jet fuel can
oxidize and form & precipitate. Under certain
conditions the precipitate can effect the
performance of a jet engine and in extreme
cases can clog the fuel injectors of a jet engine
causing the engine to fail. Under the
sponsorship of a U.S. Air Force R&D program®,
the QCM has been successfully developed into
an inexpensive, real time Jet Fuel Degradation
Monitor. Figure 1 shows the results of this
sensor monitoring jet fuel during a laboratory
test in which the degradation of the fuel was
accelerated. This sensor, operating at
approximately S MHz, provides extensive real-
time information about the extent of fuel
degradation by monitoring shifts in the resonant
frequency of the quartz oscillator. Presently this
sensor is used to assess the effect of fuel
additives on fuel stability. In the future, on-
board sensors will allow a pilot to adjust flight
plans before catastrophic problems occur.

This technology has been extended further to

monitor separately the viscosity and density of
fluids. A dual QCM device in which one device
has a precisely defined corrugated surface film
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Figure 1 Mass accumulation on Quarz Crystal Microbalance
Jet Fuel Degradation Monitor
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has been demonstrated to measure viscosity of
fluids ranging from 0.25 cP (centi-Poise) to over
10 cP°. As shown in Figure 2, an assortment
of fluids have been measured with a high level
of agreement with previously published viscoslty
and density values, Other QCM sensors are
being developed to measure chemical
concentrations in air and in fluids based on
mass changes in a chemically absorbent film
attached to the surface of the QCM.

Simultansous Density & Viscesity
Extraction moing Dual~-QCM Sensor
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Figure 2. Viscosity and density for various
Bquids measured with Sandia's new sensor.

SURFACE ACOUSTIC WAVE SENSORS
Another class of acoustic wave sensors utilizes
surface acoustic waves (SAWSs) propagating
through a chemically sensitive film. As the film
changes mass and/or elastic properties from &
chemical sorption process or other chemical-
film interaction, the frequency and amplitude of
oscillation of the surface acoustic wave
changes. These changes can be monitored and
calibrated for each surface film and each
chemical species anticipated®’”.

Gas and vapor SAW chemical sensors are
fabricated by photolithographically defining

interdigital electrodes (fingers) on the surface of
8 piezoelectric crystal (typically quartz). The
electrode finger spacing is determined by the
substrate surface acoustic wave velocity; the
number of finger pairs determines the rf (radio
frequency) bandwidth of the device. A thin
chemically absorbing film is deposited between
the transmit and receive fingers as shown in
Figure 3. Carefully selected crystallographic
orientation of the piezoelectric substrate (ST-cut
in quartz) will determine the type of acoustic
wave generated when an oscillating electric
field is applied between finger pairs in the
transmit finger electrode array. The resulting
surface acoustic wave has the important
property that most of the mechanical energy is
confined to within a fraction of one acoustic
wavelength from the surface; a typical SAW
sensor might be operated at 100 MHz with an
acoustic wavelength of approximately 32
microns. This surface confinement of the
acoustic energy makes the SAW sensor
axtremely sensitive to small changes in the
mass or stiffness of the chemically sensitive
film; mass changes as small as 80
picograms/cm? can be detected with a 100 MHz
device operating with 1 Hz short term stability.
SAW sensors have been developed to detect
vapors from volatile organic compounds®
(VOCs), small inorganic molecules, humidity,
organophosphonates, styrene, and a variety of

Figure 3. Schematic representation of
surface acoustic wave chemical sensor.

other compounds. For one application, we
developed a SAW sensor using a thin film of



chemically absorbing polyisobutylene. A
prototype Portable Acoustic Wave Sensor
(PAWS) subsystem using this transducer
demonstrated 400 ppb ( part per billion)
sensitivity to trichloroethylene (TCE). The
application required the continuous realtime
monitoring of TCE and d-imonene emitted into
a fume hood exhaust duct at a printed creult
board cleaning station. As shown in Figure 4,
the SAW-based real-time monitor tracked the
emissions of volatile organic compounds from
this industrial process and enabled & significant
reduction in emissions. By implementing &
solvent substitution from TCE to d-imonene
and providing the cleaning station operator
direct feedback on the solvent vapor emissions
during the cleaning process, VOC emissions
were reduced by over a factor of 40. Part of the
reduction was directly attributable to the
operator adjusting the air-solvent mixture going

Conoentration (ppm)

Tims (woc)

Figure 4. Real-time PAWS exhaust stack monitoring

for TCE and d-imonene during spray cleaning.

into the nozzle and the nozzle aim.

Sensor spedificity is determined by the
chemical characteristics of the transducer film.
Most films respond to several chemical vapors
of interest. For some applications, the sensor
system will only need to function in
environments with a few known chemicals
present but monitoring is required to measure
chemical vapor concenirations as in the fume
hood example. However, in other applications
10, 20 or more different chemical species may
be present. For these situations, arrays of SAW
transducers are being developed - sach SAW

device coated with a different film. Although no
single film will have absolute selectivity,
analysis of the array output using pattemn
recognition techniques will enable these
systems to resolve reasonable numbers of
different species. A system to resoive 10 - 20
different chemicals with an array of six different
SAW transducers is being developed. The
essential element for these arrays is that each
chemical film have as different a response as
possible for as many 88 possible of the 20
target chemical vapors.

In addition to arrays of SAW transducers each
coated with different films, a single SAW device
can indicate both a frequency change and an
oscillation amplitude change. Generally, the
mass increase in a polymer film due to
chemical absorption causes an oscillation
frequency decrease and changes in the
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Figure 5. Schematic block diagram representation of

PAWS chemical sensor system.

viscoelastic properties of the film such as
decreased film stiffness cause an ampiitude
decrease™. Figure 5 shows a block diagram
schematic of a portable &oustic wave sensor
(PAWS) system being developed to
demonstrate the dual output - frequency shift
and oscillation amplitude - approach for real-
time monitoring of VOCs with SAW devices.

SILICON MICROELECTRONIC CHEMICAL
SENSORS



Microelectronic chemical sensors utilizing
silicon field effect transistor (FET) device
technology have been developoad to detect
hydrogen and other gases. This hydrogen
detector"' is a type of catalytic gate FET also
referred to as a ChemFET, for chemically
sensitive field effect transistor. A thin film of
catalytically active metal such as a palladium
alloy'*"® is deposited on the gate region of an
FET. in the case of the hydrogen ChemFET
detector, hydrogen molecules from the ambient
are taken into the palladium alloy. The cataiytic
action of the metal ionizes the hydrogen
molecules and the ions become trapped at the
metal dielectric interface. The accumulation of
hydrogen ion charges et the gate metallization
above the FET channel causes a shift in FET
channel conductivity. This conductivity change
can be calibrated and precisely associated with
a concentration of hydrogen gas in the ambient.

A wide range, robust hydrogen sensor has
been developed by suppiementing the FET
structure with additional silicon-based
microelectronic devices. A metal film resistor
sensitive to higher concentrations of hydrogen
has been added to provide reversible sensitivity
to hydrogen at concentrations of 0.1 % and
100%. The specific palladium-nickel allcy
selected for the FET gate and the resistor
prevents phase transitions from irreversibly
damaging the metal film at 100% hydrogen
exposures. In addition on-chip temperature
monitoring and high power therma! heating
devices were added to the chip to provide
temperature compensation. Prototypes of these
wide range, robust devices are currently being
tested in laboratory and field experiments.
Results from these tests indicate that these
structures have highly reversible characteristics
when exposed to hydrogen gas partial
pressures ranging from 10° Torr (10 ppb) to

concepts use hydrogen fuel or generate
hydrogen gas under certain conditions. Modern
fuel cells use hydrogen and have the potential
to leak hydrogen gas. Certain industrial and
military waste sites have generated hydrogen
gas. The potential appications for hydrogen
soensors are numerous and this detector is
currently being considered for many of these
uses.

FIBER OPTIC MICROMIRROR SENSORS
Fiber optics sensors have been developed to
monitor a range of different chemicals using the
micromirror technology'¢. Micromirror
technology uses a thin, chemically seaslitive film
to sense gases and vapors in the environment.
The film is attached to one end of an optical
fiber by various chemical and metal deposition
techniques. The other end of the optical fiber is
connected to an optical fiber splitter with one
port of the spilitier going to an optical source
(typicaily a kight emitting diode) and the other
port of the splitter going to an optical detector
(typically a photodiode). The micromirror sensor
uses standard telecommunications grade optical
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760 Torr (100% hydrogen). Figure 6. Reversible changes in fiber optic micromirror
refiectivity as a function of hydrogen gas

Detection of hydrogen can be important in concentration.
many applications ranging from diagnostics of
pending equipment failures to wamings of
potentially explosive environments. Since the
lower explosive imit of hydrogen gas in ambient
air is approximately 4%, certain operations
which may generate hydrogen should be
monitored. For example, lead acid storage
cells (car batteries) emit hydrogen gas when

overcharged. Many advanced transportation

fiber components with minimal requirements
placed on the LEDs, detectors, fiber optic cable
and splitters. For sensor operation, kight is
transmitted from the LED through the splitter
and the entire length of the optical fiber to the
partially refiecting thin film on the chemically
sensing end of the fiber. Some of the incident
ight is reflected off the partially reflecting film
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and travels back through the entire length of the
optical fiber through the spiitter and to the
detector. As the chemical to be sensed akers
the thin chemically sensitive film's optical
properties the change in reflectivity is measured
at the photodiode. Most films reduce their
reflectance when exposed to the chemical of
interest. Some films change their optical
thickness and exhibit interferomaeter ke
characteristics. These films have been found to
expand or swell when exposed to certain
solvent vapors. Cakbration of the film's changes
in optica! reflectivity with exposure to chemicals
of interest have resulted in several ussful
86Nnsors.

Figure 6 shows the hydrogen gas induced
changes in optical reflectivity measured for a 10
nm thick, palladium alloy film deposited on the
end of an optical fiber micromirror sensor. Other
alloys have been used to detect hydrogen
concentrations down to 10 ppm. Other
compounds have also bean detected using
different films including silver for hydrogen
suifide, gold for mercury vapor, and polymers
for organic solvents. Depending on the specific
chemical being sensed some of these sensors
are reversible such as the hydrogen sensor
shown in Figure 6, other sensors such as gold
films used to detect mercury vapor are not
reversible (dosimetric).

Fiber optic micromirror sensors are particularly
useful for applications where dielectric isolation
is required or very long distance remote
sensing operations are required. Currently,
forms of this micromirror sensor are being
developed to sense chemicals in high voltage
applications and remote applications.

CONCLUSIONS

This paper has provided a brief overview of
acoustic, fiber optic, and silicon microelectronic
sensor technologies recently made available for
technology transfer and commercialization.
These sensors have been used for diverse
applications including the monitoring of cleaning
chemical concentrations in industrial process
effluent streams (PAWS), detection of explosive
gas concentrations in aging industrial
equipment (fiber optic micromirror), realtime
measurements of fluid viscosity in equipment
lubricants (dua! QCM), and monitoring of
hydrogen gas emitted from storage cells

{(catalytic gate ChemFET).
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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