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ABSTRACT

A self-contained, hand-held, optical waveguide, chemical detection system has been built to detect and quantify gasses and
vapors. The system uses a hybrid integrated circuit (IC) containing optical waveguides coated with sensing chemistry as the
optical platform. The IC with sensing chemistry is available commercially under the name Sensor-on-a-Chip®.1 This IC is
mounted in a small, uniquely designed sample chamber where the measured analyte is identified by the sensing chemistry and
biochemistry. Continuous or stop-flow sampling is possible. Sensitivities in the low parts-per-million have been attained for
hydrocarbons and alcohol. Analyte coverage is only limited by the sensing chemistries and biochemistries that are available.
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1.  INTRODUCTION

Ever-increasing needs for environmental safety in the public arena and the workplace coupled with the potential for worldwide
threats from chemical and biological terrorism are the driving forces behind the growing interests in threat-specific and broad-
area chemical and biological sensors. As well as providing point detection with hand-held devices, it is important to be able to
provide broad-area coverage by incorporating many point detectors into a network. The work described in this paper is intended
to provide a solution for producing a low-cost, hand-held or pocket-sized detection system. The system contains a computer
interface for potential networking and could have added radio-frequency (rf ) communications for remote locations. The heart
of the detector is an optical sensing system hybridized into a commercial IC. 

The use of optical waveguide, chemical, and biochemical sensor systems has been limited by size and cost. To achieve broad
acceptance, these sensor systems must be small and reasonably priced. Additionally, these systems must be capable of detecting
and quantifying single and multiple analytes, and they must possess the specificity, sensitivity, and accuracy compatible with
their proposed application. A hand-held sensor system that meets these requirements has been constructed, tested, and
evaluated.



Optical waveguide, flat or fiber optic, chemical2–8 sensors are the transducers in an information acquisition strategy where in-
situ, real-time data are obtained to determine the presence and concentration of individual species, or groups of compounds,
in chemical systems. Sensing indicators are attached to the surfaces of the waveguides so that preselected chemical,
biochemical, and/or physical properties can be measured. Recent advances9–12 in sensor and optical technologies have made
it practical to design and build a self-contained, hand-held sensor package that can detect and quantify analytes including vapors
and gasses. The analyte is identified by the sensing chemistry or biochemistry. An adaptation of this technology that will make
it possible to measure aerosols and liquids is currently under development.

The two, key assemblies of the hand-held chemical detector include the hybrid IC optical waveguide sensor platform1 and the
sampling chamber. The sensor assembly uses two miniature coated waveguides (sense and reference) attached to an IC
containing a single light source, two identical detectors, and the requisite optics to guide the light from the source to both the
sample and reference waveguides and then onto the detectors. A fan is used to pull the analyte through the chamber. This fan
is operational during the sampling mode and stops to provide a static sample when the measurement is being made. 

The hand-held unit is software-controlled. This software provides the concentration of the analyte displayed in parts-per-million
(ppm) and an alarm than can be set to alert the user when a desired level of concentration is reached. The instrument calibration
can be verified before and after each measurement. The chamber can accept interchangeable sensor packages so that a number
of analytes can be measured. The prototype instrument (dosimeter) measures 3 × 7 × 1 inches and weighs 12 ounces, but it can
be further miniaturized. Without power, the fan and electronics are off, but the sensor still responds to changes in the
environment.

2.  SENSOR

Selecting the optical sensing platform (IC sensor module) is an important consideration in composing the total sensor package.
Using miniature waveguides on a hybrid, semiconductor IC is an ideal solution for designing a hand-held unit that is rugged,
reliable, and small-sized. Additionally, a product that possesses these characteristics is available commercially.8–12 The hybrid
configuration is a mass producible,  20-pin,  dual in-line IC package with sense and reference waveguides mounted above the
top of the IC. Figure 1 is a concept drawing of the sensor showing the waveguides as hatched elements between the molded-
prism, light deflectors. Figure 2 is a photograph of the sensor IC with the two waveguides prominently visible on top, and Figure
3 is a schematic showing the optical layout.

The IC uses miniature waveguides as the active elements and measures only 1¼ × ½ × ¼ inches. It consists of a centrally
located,  light-emitting diode (LED) that projects onto a pair of splitter prisms. These prisms direct the light into a pair of
waveguides:  one arm is used for sensing and the other is used for reference (or for additional sensing). The waveguides direct
light toward the two prisms that couple the light respectively to a sense optical detector and a reference optical detector. The
waveguides operate as “light pipes” thus providing optimum use of the sense and reference chemistries and the light budget.

The hybrid IC solves the problems associated with existing optical waveguide configurations where the entire sensor is not
integrated. Therefore, the hybrid IC eliminates concerns such as optical alignment and the need for an external light source and
detector. The commercial IC package is encapsulated so that only the waveguides are exposed to the analyte. A temperature
sensor and a processor with memory are combined to form the electronics module, which converts the output of the sensor
module to concentration. The serial memory provides performance and calibration information about the specific sensing
chemistry or biochemistry. This information can be provided for each interchangeable plug-in sensing module. The pins shown
in Figure 1 attach the IC to the data gathering and -processing modules.

The insert in Figure 3 shows how the chemistries, in a solid-state configuration, can be arranged in a preselected, geometric
sequence to control the reaction of the analyte with the sensor while protecting the sensor from interferences. The sensing arm
is coated with chemistries that are selected to be as specific and as sensitive to the target analyte as possible. The reference
chemistries are selected to have equivalent properties (i.e., temperature coefficient and humidity response) as the sensing
chemistries but do not interact with the analyte. It is imperative  that the selected chemistries or biochemistries are not affected
by the medium where the target analyte is measured. In some cases, an overcoating that acts as a membrane is sufficient to
surmount any interference problems. Sense chemistries for hydrocarbons and ethanol have been incorporated into the hand-held
instruments.



3.  SAMPLE CHAMBER

A miniature sample chamber was designed and constructed for the hand-held instrument to be compatible with the hybrid IC.
The two, key design requirements for the miniature sampling chamber were  (a) the capability to bring samples to the waveguide
surfaces without altering the samples and (b) the capability to prevent ambient light from reaching the chip. Various transfer
mechanisms such as fans and pumps —operating continuously or intermittently—were evaluated as methods for bringing the
analyte to the waveguides.

The design that was selected for the hand-held unit is an axial-flow manifold with a miniature fan operating intermittently as
the air transport mechanism. The air enters the inlet manifold, passes through a foam filter into the sample chamber, flows
through another foam filter, and then passes out of the sample chamber through the fan. The fan is used in the exhaust mode to
minimize turbulence over the waveguides of the chip and to maintain the integrity of the sample. The foam filters are used at
either end of the sample chamber to provide anti-backflow baffles when the fan is not running. The filter at the inlet of the
sample chamber also serves to smooth the sample flow from the inlet manifold and attenuates some of the ambient light.

The miniature sample chamber is configured to acquire baseline and analyte vapors from the environment and presents the
samples to the sensor waveguides. The chamber provides various features such as ambient light baffling, flow smoothing, and
sample retention for operating the system intermittently. The layout of the sample chamber is shown in Figure 4.

The air transport mechanism was designed to move at least three volumes of air (and preferably five volumes) between samples.
Each volume includes the sample chamber and upstream chambers and tubes. This is standard laboratory practice for vapor
sampling and is intended to ensure that the new sample has received minimal dilution from the previous sample. The design that
was selected can achieve these goals while maintaining a rapid sampling rate.

The IC can be configured to use LEDs over a wide spectral range extending from the blue to the near-infrared. Ambient light
must be blocked from the sensing elements; otherwise, the photo detectors will see the ambient light thus overloading the
electronics. Many measurements, especially for absorption, exist at wavelengths that are in the visible band. The total effect
of direct external light could be deleterious to these measurements. In addition to blocking ambient light from entering the
chamber, the ICs are coated in the inactive areas to further minimize the transmission of ambient light through the housing.
Results from tests conducted to measure the transmission of ambient light showed the coating process to be effective. It is
important to note, however, that the complete absence of external light is not essential since the output of the IC can be read
with the LED turned off and the ambient background subtracted or compensated in subsequent calculations.

4.  ELECTRONICS AND SOFTWARE

The sensor IC module contains the electronics needed to output the raw data that are collected while the sensing and reference
chemistries interact with the analyte. Additionally, the electronics and software as well as the IC configuration are matched to
the individual measuring methods (i.e., absorbance, refraction, fluorescence, and/or Raman effect).

In applications where sensitivity is a key consideration, each of the electronic components must have the smallest temperature
response and the lowest noise available. Since both of these noise sources are additive, they can destroy the sensitivity and
resolution of the instrumentation. Temperature variance is usually the main culprit. This is compensated in the electronics and
by using an internal arrangement of the sense–reference waveguides. The sense–reference arrangement also provides a means
for minimizing the effects of humidity. Since both sense and reference waveguides are illuminated simultaneously by the same
LED, light output is regulated to give optimum performance. The detectors, however, should be matched or, at least, of the same
type.

The electronics and software module operates the sensor IC. This module provides all "housekeeping" functions and power to
the light source(s) and detector(s). The software must process several correctional functions to optimize detection and
quantification. These functions include (a) maintaining a stable light output, (b) equalizing the response of the detectors,
(c) eliminating effects of humidity, (d) canceling temperature variations, (e) abrogating the differences in response between
the sense and reference waveguides, (f) accounting for volatility in the sample, and (g) obviating the contribution from the
sensing medium (i.e., water, air, or vapor). Many of these corrections can be accomplished partially or fully using the reference



sensor. The degree to which other corrections have to be made will depend on the ultimate requirements for sensitivity. The
software is written so that the output is a direct reading of the analyte concentration.

5.  APPLICATIONS

Possible applications of the hand-held sensor system include (a) personnel protection, (b) home monitoring, (3) evaluating work
place atmospheres, and (d) environmental protection. The types of compounds and materials that can be measured include
(a) solvents, (b) polar compounds, (c) nonpolar compounds, (d) chemical agents, (e) biological agents, (f) heavy metals,
(g) halogenated hydrocarbons, (h) explosives, and (i) illicit drugs.

The following list contains typical applications for personal dosimeters and point detectors:

#Chemical and biological agents
# Solvents
# Polar and nonpolar compounds
# Manufacturing and industrial materials

Starting materials
Intermediate processes
Final compounds

# Workplace atmospheres
# Drugs

Starting materials
Intermediate processes
Final compounds
Degradation products

# Explosives
Starting materials
Intermediate processes
Final compounds
Byproducts of explosions

# Environmental pollutants
Air
Water
Soil

The uses for the hand-held device could extend from point-source monitoring to personal dosimetry to field screening,
perimeter protection, and broad-area protection. These devices possess optimal value if they can be used in less than ideal
environments, which might include dust, rain, mud, and accidental immersion. These criteria can be achieved with pocket-sized,
solid-state, optical waveguide-based, chemical and biochemical sensing systems.

6.  CONCLUSIONS

The prototype hand-held sensor instrument (3 × 7 × 1 inches) is shown in Figure 5. The on-off switch can barely be seen
protruding from the top of the instrument. The connectors for data output and the optional external power source as well as the
sampling exhaust port can be seen at the base. The display and tactile user controls are shown on the front panel. The prototype
sampling input port has been modified to allow the insertion of a sampling tube and has been moved from the front to the side
of the unit since the photo was taken.  Table 1 lists the features of the prototype as well as the developmental goals.



Table 1.  Existing and Planned Features of the Hand-Held Sensor System

Feature Existing Planned

Types of measurements Absorbance, refraction Fluorescence, Raman

Types of samples Gases, vapors Liquids, aerosols

Interchangeable sensor chips Yes—by manufacturer Yes—by individuals

Multiple sensors No Yes

Storage of chip coefficients Yes Yes

Analytes Hydrocarbons, alcohol Limited only by available sensing
chemistries and biochemistries

Zeroing functions Yes Yes

Menu selections Yes Yes

Sensitivity Low parts-per-million Parts-per-billion or lower

Accuracy 15% 5%

Precision 20% 5%

Operating temperature range 20 to 100oF !40 to 160oF

Operating humidity range 10 to 90% 0 to 100%

Temperature correction Yes Yes

Humidity correction No Yes

Significant digit selection Yes Yes

Setable moving average Yes Yes

Automatic LED adjustment Yes Yes

Sampling mode selection Yes Yes

RS232 output Yes Yes

Size:  1 sensor chip 3 × 7 × 1 inch 3 × 4 × 1 inch

Weight 12 ounces 8 ounces

Size:  3 sensor chips Not available 3 × 6 × 1 inch or
3/4 inches in diameter × 9 inches long

Weight Not available 10 or 12 ounces

Environmentally hardened No Yes

Add-on rf communication No Yes



There is a continuing need for small, self-contained, reliable, low-cost (design goal is under $500 for quantity) instrumentation
for in situ, real-time monitoring of toxic species. Based on these criteria, we have successfully designed and developed a
prototype and a working model of a pocket-sized, rugged, low-cost personal chemical or point detector. The model utilizes a
recently developed, optical waveguide chemical sensor. We believe that this prototype, made possible by using the hybrid IC
and a unique sampling chamber, is a giant leap forward in the technology of point-sampling instruments and dosimeters. With
the appropriate communications and power source, the output can be fed into monitoring grids of buildings, emergency
response databases, and even Internet-based national or international monitoring grids. The device is suitable for detecting toxic
species, industrial chemicals, drugs, and explosives.
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Figure 1.  Concept Drawing of IC Detector

Figure 2.  Photograph of the Commercial IC Detector (Sensor-on-a-Chip®)
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Figure 4.   Miniature Sample Chamber

Figure 3.  Schematic of the IC Optics and Sensing Chemistry 



Figure 5:  Prototype Hand-Held Sensor System


