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Preface

Sensor technologies are a rapidly growing topic in science and product design,
embracing developments in electronics, photonics, mechanics, chemistry, and biology.
Their presence is widespread in everyday life; they sense sound, movement, optical,
or magnetic signals. The demand for portable and lightweight sensors is relentless,
filling various needs in consumer electronics, biomedical engineering, or military
applications.

The book is divided into two parts. The first part deals with optical and acoustic
sensors. Rogério Nogueira starts with optical fiber sensors while Christian-Alexander
Bunge and Hans Poisel discuss sensors based on polymer optical fibers. Jeff
Chamberlain and Daniel M. Ratner, from the University of Washington, discuss the
potential of integrated optical biosensors and silicon photonics. This is followed by
chapters by Joey Talghader and Merlin L. Mah on luminescent thermometry and by
Andreas Stadler on solar cell analyses. The first part ends with Ellen Holthoff and
Paul Pellegrino from the United States Army Research Laboratory describing sens-
ing applications using photoacoustic spectroscopy while Bridget Benson and Ryan
Kastner cover the design of underwater acoustic modems.

The second part of the book deals with magnetic and mechanical sensors.
Hendrik Husstedt starts with the topic of magnetic field scanning. Researchers from
Université Catholique de Louvain describe artificial microsystems for sensing air-
flow, temperature, and humidity that they accomplished by combining MEMS and
CMOS technologies. Jiirgen Hildenbrand, Andreas Greiner, and Jan Korvink pres-
ent MEMS-based micro hot-plate devices while Marcin Marzencki and Skandar
Basrour discusses vibration energy harvesting with piezoelectric MEMS. The sec-
ond part concludes with Anurag Kasyap and Alexander Edrington describing self-
powered wireless sensing.

With such a wide variety of topics covered, I am hoping that the reader will find
something stimulating to read and discover that the field of sensor technologies is
both exciting and useful in science and everyday life. Books like this one would not
have been possible without many creative individuals meeting together in one place
to exchange thoughts and ideas in a relaxed atmosphere. I would like to invite you to
attend CMOS Emerging Technologies events that are held annually in beautiful
British Columbia, Canada, where many topics covered in this book are discussed.
See http://www.cmoset.com for presentation slides from the previous meeting and
announcements about future ones. If you have any suggestions or comments about
the book, please email me at kris.iniewski@gmail.com.

Krzysztof (Kris) Iniewski
Vancouver, British Columbia, Canada

vii
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’I Optical Fiber Sensors

Rogério Nogueira, Licia Bilro, Nélia Alberto,
Hugo Lima, and Joao Lemos Pinto
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INTRODUCTION

The laser invention in the 1960s and the advances toward low-loss optical fiber in the
1970s stimulated further scientific advances, both in telecommunications and in
optical fiber sensors. With the first sensing applications of optical fibers the interest
of the scientific community quickly grew for this new technology, and the number of
research groups in optical fiber sensing rapidly increased.

The research on optical fiber sensors produced and continues to give life to a
variety of measurement techniques for different applications, competing with tradi-
tional sensing methods, mainly in niche areas, from the airspace to the medical
industry. The success of this technology relies on the intrinsic flexibility, low weight,



4 Optical, Acoustic, Magnetic, and Mechanical Sensor Technologies

immunity to electromagnetic interference, passive operation, and high dynamic
range, associated with remote monitoring and multiplexing capabilities, which allows
optical fiber sensors to succeed in difficult measurement situations where conven-
tional sensors fail.

The technology is now in a mature state, with different applications already using
commercial optical fiber sensors as a standard. This includes not only massive deploy-
ment for real-time structural health monitoring in airspace, civil and oil industry but
also more specific applications such as environment monitoring, biochemical analy-
ses, or gas leak monitoring in hazardous environments.

Optical fiber sensors operate by modifying one or more properties of the light
passing through the sensor, when the parameter to be measured changes. An inter-
rogation scheme is then used to evaluate the changes in the optical signal by convert-
ing them to a signal that can be interpreted. In this way, depending on the light
property that is modified, optical fiber sensors can be divided into three main catego-
ries: intensity-, phase-, and wavelength-based sensors.

INTENSITY-BASED SENSORS

Of the range of optical fiber sensors reported in the literature, intensity-based sensors
represent one of the earliest and perhaps the simplest type of optical fiber sensors. In
applications where the precise signal intensity measurement is not critical or required, it
has been shown that intensity-based systems are a valid solution for biomedical, struc-
tural health, and environmental applications. Generally, the system is based on a light
source, an optical fiber, and a photodetector (or optical spectrum analyzer—OSA).
Miniature solid-state light sources and photodetectors are available commercially,
allowing the construction of rugged and portable hardware acquisition systems.

Intensity-based sensors offer the advantages of ease of fabrication, low price—per-
formance ratio, and the simplicity of signal processing. These make them highly
attractive, particularly in applications where the cost of implementation frequently
excludes the use of other significantly more expensive optical fiber systems. Although
high resolution and refined measurement capability are achievable using grating sen-
sors and interferometric fiber sensors, it is not always necessary and, as such, less
costly intensity-based sensing methods may offer an option in industry.

A wide number of intensity-based sensors are being presented and developed
using different schemes; they can be grouped into two major classes: intrinsic- and
extrinsic-type sensors. In the extrinsic type, the optical fiber is used as a means of
transporting light to an external sensing system. In the intrinsic scheme, the light
does not have to leave the optical fiber to perform the sensing function. In this class
of sensors, the fiber itself plays an active role in the sensing function and this may
involve the modification of the optical fiber structure.

TRANSMISSION AND REFLECTION SCHEMES

An additional classification scheme usually used is related to the way the optical
signal is collected. If the receiver and emitter are at opposite ends of the fiber or
fibers, the sensor is of a transmission kind, otherwise it is of reflection.
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A straightforward example of the first situation is the intensity modulation based
on the dependence of the power transmitted from one fiber to another on their sepa-
ration. This basic sensing principle was used for structural health monitoring pur-
poses by Kuang et al. [1]. The authors presented a comprehensive study where the
performance of this sensor was evaluated in quasistatic tensile tests. The optical fiber
sensor was surface-attached to an aluminum alloy specimen and revealed a high
degree of strain linearity. Free vibration tests based on a cantilever beam configura-
tion were also conducted to assess the dynamic response of the sensor. An impulse-
type loading test was also performed to evaluate the ability to detect the various
modes of vibration.

With respect to reflection methods, there are some variations, but most of them
use reflecting surfaces to couple the light in the fiber, as presented by Binu et al. [2]
for their fiber optic glucose sensor based on the changes in the refractive index (RI)
with glucose concentration. Other sensors are based on Fresnel reflection mecha-
nisms [3,4] or special geometries of the fiber tip [5]. One interesting application is
described by Baldini et al. [6] with their optical fiber sensor for dew detection inside
organ pipes. The working principle is based on the change in the reflectivity observed
on the surface of the fiber tip when a water layer is formed on its distal end. Intensity
changes around 35% were measured.

MACROBENDING OR MICROBENDING SENSORS

Several mechanisms in an optical fiber weaken the propagated signal, such as absorp-
tion and diffusion by impurities, Rayleigh scattering, ultraviolet and infrared absorp-
tion, and microbending and macrobending. Despite many efforts to minimize the
power losses in an optical fiber, its dependence on environmental physical parame-
ters is strongly exploited by optical sensing technology.

Modulation due to an environmental effect can be transduced in the form of
microbend or macrobend loss. Generally, a microbend is defined as a sharper bend
in the optical fiber whose radius of curvature is smaller than the fiber radius and a
macrobend is one with a bending radius much larger than the fiber radius. If the
bending radius is reduced below a critical value, the loss in transmitted signal
increases very rapidly, allowing the construction of a relatively sensitive macrobend-
ing fiber optic sensor. Large bending loss occurs at and below a critical bending
radius, r,, given by

3”30[‘6%‘

r =
c 2 2 3/2
4n(ncore - nclad

(1.1

where n.,, and n_,, are the refractive indices of the core and cladding, respectively,
and A is the operating wavelength [7]. Macrobending sensors are relatively few and
measure parameters such as deformation [7], pressure [8], and temperature [9].
Rajan et al. [9] presented an all-fiber temperature sensor based on a macrobend-
ing single-mode fiber loop exploiting the thermo-optic coefficient of the cladding
and core. Since the cladding and core are made of silica material and have a positive
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thermo-optic coefficient, the thermally induced change in RI of the core and clad-
ding is linear, resulting in a linear variation of bend loss with temperature. The
temperature sensitivity of the sensor can be varied by changing the bending radius or
the operating wavelength. An absorption layer is applied over the cladding to absorb
the radiation modes and to reduce the reflections from the air-cladding boundary. In
this way, the fiber structure is approximately equivalent to a core-infinite cladding
structure. The temperature information is extracted using a simple ratiometric power
measurement system.

Among the innumerous transmission and reflection systems reported, there are
several transduction mechanisms, namely spectrally based sensors and evanescent
wave sensors.

SPECTRALLY BASED SENSORS

For many applications, spectroscopic detection has been a reliable method for the
design of fiber optic sensors and is popularly used for chemical, biological, and bio-
chemical sensing [10]. This method examines the optical signal obtained and the
related absorption, fluorescence measurements, or RI to the concentration of the tar-
get analyte. When a properly designed sensor reacts to changes in a physical quantity
like RI or fluorescence intensity, a simple change of light intensity can possibly be
correlated to the concentration of a measurand, which can be a biological or chemi-
cal species [11].

Generally, as shown in Figure 1.1, the design of the sensors can simply comprise
optical fibers with a sample cell, for direct spectroscopic measurements, or be con-
figured as fiber optrodes, where a chemical selective layer comprising chemical
reagents in suitable immobilizing matrices is deposited onto the optical fiber.

In its simplest form, the technique involves confining a sample between two fibers
and the quantification of the light transmitted through the sample. The attenuation in
the optical path is related to the absorption or scattering properties of the medium.
This detection procedure was applied for the purpose of environmental monitoring.
A low-cost water turbidity sensor was presented by Bilro et al. [12,13], where the
concentration of the total suspended solids in a liquid was determined by the attenu-
ation of the light beam caused by the suspended particles (clay, ashes, and flour). A
similar system configuration was used by Yokota et al. [14], but with a multi-wave-
length approach for the analysis of soil nutrients. The wavelength of the light-emit-
ting diodes (LEDs) was chosen to fit the absorption band of chemical reagents whose
color develops by reaction with soil nutrients. The sensor is applied to detect six soil
nutrients including ammonia nitrogen, nitrate nitrogen, and available phosphorus.

The fiber itself can play an active role acting as a sensing probe. The activation
can be accomplished replacing the original cladding material, on a small section or
end of the fiber, with a chemical agent or an environmentally sensitive material, in
order to cause attenuation of the propagated light when the material is exposed to
different chemicals or environments. A wide number of sensors reported in the lit-
erature make use of this technique. Goicoechea et al. [15], using the reflection
method, developed an optical fiber pH sensor based on the indicator Neutral Red.
Different strategies for the fabrication of the nanostructured pH-sensitive overlays
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FIGURE 1.1 Schematic diagrams of different sensing methods for spectrally based sensors.

were presented. Some of them revealed high nonlinearity, because the matrices
where the dye was immobilized were also sensitive to pH variations. However, the
authors found an optimal solution for the fabrication of optical fiber pH sensors. A
multilayer structure composed of poly(acrylic acid) and Neutral Red showed a faster
response time (below 10 s), high repeatability, low hysteresis, and a dynamic range
of 2.5 dB from pH 3-9. Regarding humidity sensing, most spectroscopic-based con-
figurations are based on moisture-sensitive reagents (such as cobalt chloride, cobalt
oxide, rhodamine B) attached to the tip of the sensing fiber, usually with the aid of a
polymeric material to form the supporting matrix [11]. Silicon dioxide nanoparticles
were used as a possible humidity reagent [16]. A nanostructured coating with silicon
dioxide nanoparticles is superhydrophilic and, thus, the films are highly sensitive to
humidity. The optical fiber humidity sensor demonstrated a good linearity in the
range from 40% to 98% of relative humidity and a very fast response. The system is
intended to be applied to human breath analysis and monitoring.

A small variation of the method described in the previous paragraph appears with
the use of fluorescent materials. Parameters that are measured in such sensors include
intensity, decay time, anisotropy, quenching efficiency, and luminescence energy
transfer [17]. A usual measurand in fluorescent methods is oxygen. Although many
different oxygen-sensitive dyes can be used in optical oxygen sensors, organic dyes,
Ru complexes and Pt complexes are among those most commonly used ones. These
dye complexes are easily excited using compact and low-cost LED light sources.
Furthermore, the phosphorescence wavelengths of Pt [18] and Ru [19] are well sepa-
rated from the excitation LED wavelength, and hence the influence of the excitation
light source can be easily eliminated. One source of error in these systems is the

www.EngineeringBooksPdf.com
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temperature, because the diffusion of oxygen depends on this parameter. To com-
pensate for temperature-induced variations in the luminescence intensity, it is neces-
sary to determine the temperature at the sensor when measuring the oxygen
concentration and to apply an appropriate calibration factor. Lo et al. [18] proposed
a variable attenuator design using a negatively thermal expansion material as a tem-
perature compensation method, for gaseous oxygen measurements. Ganesh and
Radhakrishnan [20] coated the sensitive area with black silicone, avoiding interfer-
ences due to changes in the optical properties of the surroundings of the sensor tip
(e.g., RI, turbidity, reflectivity), ambient light, and background fluorescence in sedi-
ments and biofilms. Their system was for water-dissolved oxygen determination. The
oxygen determination by measuring the fluorescence lifetime of metal organic ruthe-
nium complexes can be an indirect method of determining other chemical species.
A glucose sensor was designed by Scully et al. [21] using the oxygen-consuming
enzymatic conversion of glucose to gluconic acid. The sensitive element consisted of
an optical substrate in the form of an optical fiber coated with a matrix containing
glucose oxidase as a sensitive and reactive compound as well as the ruthenium com-
plex [21]. With respect to physical sensors, Aiestaran et al. [22] proposed a fluores-
cent optical fiber linear position sensor. A fluorescent fiber is side illuminated and
the transmitted power collected at each end of the fiber is related to the position of
the incident light [22].

EVANESCENT WAVE-BASED SENSORS

When preparing a fiber for sensing the light in the fiber core, it must be able to be
modulated by the measurand surrounding the fiber. To achieve this aim, several
methods to enhance the interaction between the light guided in the fiber core and the
measurand are used. The commonly used methods are side polishing, etching to thin
or to strip off the cladding, and tapering or shaping to a D-shape [23].

These are often needed to promote light scattering and evanescent field coupling.
Aside from the large portion of light guided in the core, there is a small component
of light, known as the evanescent field that decays exponentially away from the core
surface and propagates in the cladding. The regular fibers do not lead to the interac-
tion of the evanescent field with the environment outside the cladding. The evanes-
cent field strength is a function of discontinuities of the interface, refractive indices,
launching angle of the light beam, and dimensions of the fiber core.

PARTIAL OR TOTAL REMOVAL OF THE CLADDING

The three major methods of removing the fiber cladding are chemical etching, ther-
mal tapering, and side polishing. The chemical etching method, both technically and
economically, is advantageous over the other two methods. The etching method
allows for uniform production of a very long (up to meters) section of fiber. A recent
method also comprises the use of commercial carbon dioxide laser systems for rapid
construction of discontinuities in silica and in polymer fibers [23].

Wang and Herath [24] reported the fabrication and characterization of fiber loop
ring-down evanescent field sensors using partially uncladded single-mode fibers as a
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sensing element. The adopted technique allowed the online control of fiber etching,
in terms of the fiber diameter, to be up to submicrometers. A scattering sensor based
on RI difference was demonstrated for the detection of water at 1515.25 nm [24].

Generally, evanescent wave fiber optic sensors use a single source and detector
showing changes in output optical power independent of the interacting species, that
is, they lack selectivity. Varghese et al. [25] presented a study on the design, develop-
ment, and characterization of a fiber optic evanescent wave-based sensor with selec-
tivity suitable for the measurement of silica in water. The design used two sources:
one corresponding to the absorption peak of the analyte (815 nm) and the second to
a nonabsorbing peak (640 nm). The introduction of the analytical wavelength helps
to provide selectivity and the use of the nonabsorbing wavelength supports repeat-
ability. The sensing head is a multimode polymer optical fiber (POF) whose jacket
was removed, and the exposed region was fine polished.

TAPERS

With tapered fibers, not only does the evanescent field extend beyond the cladding
but its magnitude is also enhanced in that tapered region. When a liquid medium is
placed at the tapered region, the evanescent field interacts with the medium affecting
the transmission. The evanescent field strength is also determined by the diameter
and the taper geometry. This is due to the mode coupling that occurs at the tapered
region from the changes in the cladding and the RI of the analyte. Mode coupling
causes the magnitude of the evanescent field and transmission of the fiber to change
and as a result changes in the RI at the tapered region are reflected in the sensor
output. This fact is popular among the scientific community performing RI sensing.

With regard to tapers as biosensors, Souza et al. [26] performed a chemical treat-
ment of a taper in order to allow the attachment of the covalent protein (isolated from
the cell surface of Staphylococcus aureus) [24]. This protein allowed the connection
of an antibody to increase cell capture. The objective was the development of a POF
biosensor to detect bacteria in water and other fluids. The bacteria are detected
through the changes in intensity of the evanescent field resulting from the antibody
attachment.

It is also common to combine the use of tapers and surface plasmon resonance
(SPR) methods. As an example, Leung et al. [27] presented a biosensor that consisted
of a taper coated with gold and housed in a flow cell. For the detection of single-
stranded DNA, authors showed that it was feasible to directly detect the hybridiza-
tion of this DNA to its complementary strand immobilized on the sensor surface.
Detection was performed under flow conditions because flow reduces nonspecific
binding to sensor surface, eliminates optical transmission changes due to mechani-
cal movements, and allows for instantaneous switching of samples when needed.
The sensor also showed selectivity against a single-nucleotide mismatch. After the
optimization of detection limit, authors pointed out that further development of the
system would be the detection of DNA from live cells. The same authors presented a
very similar study but for the continuous detection of various concentrations of
bovine serum albumin and the detection of the target serum in the presence of a
contaminating protein, ovalbumin [28].
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SIDE PoOLISHING wWiTH CORE EXPOSURE

As mentioned before, side polishing with core exposure (Figure 1.2) enhances the
sensitivity of an optical fiber sensor to a certain physical parameter. This method is
valuable for physical, chemical, and biological sensing.

With respect to physical sensors, the most frequent is the curvature sensors. Bilro
et al. [29] presented a curvature sensor for the development of a wearable and wire-
less system to quantitatively evaluate the human gait. The principle behind the sen-
sor was the intrinsic relation between the attenuation of the transmitted signal power
and the bending angle of the fiber.

With regard to sensors based on RI variations at the polished interface, there are
some interesting applied works, namely for the development of a multipoint liquid
level measurement sensor [30], spectroelectrochemical characterization [31], and
resin cure monitoring [13].

The combination of a side-polished section in an optical fiber and spectrally based
techniques was the basis for the development of an electroactive fiber optic chip. To
create the sensor, a side-polished fiber optic was coated with a thin film of indium-tin
oxide as the working electrode and used to probe electrochemically driven changes
in absorbance for surface-confined redox species [31]. The sensor was used to probe
the redox properties of an electrodeposited thin film. A sensitivity enhancement of
near 40 times higher than a transmission measurement was demonstrated by the
authors.

Another interesting variation of the method is the incorporation of the SPR tech-
nique. An immunosensor using side-polished optical fibers based on SPR was pro-
posed for the detection of Legionella pneumophila with an 850-nm LED and
halogens light source sensing system [32]. The sensing fiber was side polished down
to closing half the core and coated with a 37-nm gold thin film by DC sputter. The
sensitivity of the SPR fiber for the L. pneumophila could be confirmed with the
detection limit of 10' CFU/mL and the detection range of 10'-10° CFU/mL. The
same results shown on spectrum and power meter were demonstrated for both light
sources. Another study presented a fiber optic ammonia sensor using a zinc oxide
nanostructure grown on the side-polished section [33]. A zinc oxide planar wave-
guide was grown by pulsed laser deposition on the flat polished fiber surface, and,
thus, a distributed evanescent wave coupling between the fiber and the planar wave-
guide was implemented. The sensor element operation principle is based on a distrib-
uted coupling between the fiber mode and the corresponding mode of the metal
oxide planar waveguide. The gas sensing performance of the sensor element was

FIGURE 1.2 Side-polished optical fiber.



Optical Fiber Sensors 11

tested under ammonia gas exposure at room temperature. The sensitivity reported
yield a low concentration limit of approximately 50 ppm for ammonia in air.

SELF-REFERENCE TECHNIQUES

The major disadvantage of intensity-based optical fiber sensors is related to the
stability of light sources. However, to overcome this problem several referencing
techniques can be used, solving this intrinsic limitation of these systems. The most
common method is the ratiometric method that uses a reference path not affected by
environmental conditions. In its simplest form, one can use an optical element that
splits the optical signal in different paths that are equally affected by power fluctua-
tions. Another self-referencing method is given by Lo et al. [18] that used two dif-
ferent fluorescent indicators immobilized in the same matrix: one was designed for
sensing and the other for reference. From the same viewpoint, another practice con-
sists of the transmission of multi wavelengths, where only one signal is attenuated,
or excites the fluorescent dye, according to the measurand quantity [25]. The fiber
loop ring-down scheme [24] measures the light intensity decay rate, not the absolute
intensity change. Therefore, the measurement of a quantity (in this case the pres-
ence of water) is insensitive to fluctuations of the incident light intensity. With this
method, the sensitivity of a sensor can be enhanced by up to several orders of
magnitude.

PHASE-BASED SENSORS

Phase-modulated sensors, also known as interferometric sensors, offer sensitivities
as high as 1073 m by comparing the phase difference of coherent light traveling
along two different paths. The light is provided by a coherent laser source and is
generally injected into two single-mode fibers and recombined later. If one fiber is
perturbed relatively to the other, a phase shift occurs and can be detected with high
precision using an interferometer.

PHASE DETECTION

When a light wave of a given wavelength, A, propagates inside an optical fiber of
length L, the phase angle, ® at the end of the fiber is given by

2nL 2 L
— Tc — TchOl’e (1.2)

C=" =,

where .., is the RI of the fiber core and A, is the wavelength of the light in vacuum.
If an external perturbation causes a change in the RI or in the length of the fiber, a
phase change occurs, and can be defined by

AD = %(nCO,eAL +LAn (1.3)

core )
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Assuming that the RI remains constant, a length variation will induce a phase
change of

2r

T Meore AL (1 4)

AD =

When a light wave is injected into two equal single-mode fibers, the power is split
but the phase remains the same. If the two optical fibers experience the same condi-
tions, the light waves will recombine at the same phase angle and constructive interfer-
ence will occur, giving the maximum intensity output. On the other hand, if the fibers
experience different thermal or mechanical strains, they will recombine with a phase
difference proportional to the different lengths the light waves traveled. Destructive
interference will occur in this situation, causing the output intensity to decrease.

Some interferometer configurations that can be used to detect phase shifts are:
Mach—Zehnder, Michelson, Fabry—Perot, and Sagnac interferometers. These will
now be discussed in detail.

MACH—-ZEHNDER

The Mach—Zehnder interferometer, represented in Figure 1.3a, consists of two 3-dB
fiber-to-fiber couplers, separated by two optical fibers, where one is the reference
fiber and the other is the sensing fiber. In the first coupler, 50% of the power is
injected into each fiber, and the fibers recombine at the second coupler. If both fiber
lengths are the same, or differ by an integral number of wavelengths, the light waves
will recombine in the exact phase and the output intensity will be maximum.
However, if the fiber lengths differ by half a wavelength, the recombined beams will
be in the opposite phase and the output intensity will be minimum.

MICHELSON

The Michelson interferometer configuration may be considered as an inverted-over-
itself version of the Mach—Zehnder interferometer. This configuration is schemati-
cally represented in Figure 1.3b and uses a single optical fiber coupler and fibers with
mirrored ends that back-reflect the laser beams, which recombine at the coupler and
are directed to the detector. Once again, one fiber is kept unperturbed, the reference
fiber, while the sensing fiber is subjected to perturbations. This interferometer has
the advantage of requiring a single 3-dB coupler but has the drawback of having the
coupler feed light into both the detector and the laser, which causes noise and limits
the performance of the system.

FAaBRY—PEROT

The Fabry—Perot interferometer differs from the previously presented interferometers
by not requiring a reference fiber. In this configuration, shown in Figure 1.3c, the fiber
presents two partially reflective mirrors. The partially transmitting mirrors cause the
light to travel multiple passes inside the cavity transmitted at the second mirror and
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FIGURE 1.3 Tllustration of the four main interferometer configurations: (a) Mach—Zehnder,
(b) Michelson, (c) Fabry—Perot, and (d) Sagnac.

reaching the detector, which magnifies the phase difference, doubling the sensitivity
to phase differences when compared with other interferometer configurations.

SAGNAC

The Sagnac interferometer uses counterpropagating light beams in a ring path. This
is achieved by connecting the laser source into a 3-dB optical fiber coupler injecting
light into both ends of the same optical fiber in a coiled configuration, as shown in
Figure 1.3d. This causes light to travel along the fiber in both directions, and both
directions are the sensing fibers.

If the fiber coil is rotated in an axis perpendicular to the coil plane, the light
propagation time in one direction will be shortened while the light in the other path
will require more time because it will need to travel a longer distance, resulting in a
relative phase shift (Sagnac effect). On the other hand, if the coil is kept stationary,
light travels the same distance in both directions and no phase shift occurs.

This configuration allows one to measure rotation with high precision, such as the
rotation of the earth around its axis. The sensitivity for rotation measurement depends
on the area covered by the coil multiplied by the number of turns.

PoLArizaTioN CONTROL

A potential difficulty associated with optical fiber interferometers is the control of
light polarization. Despite the use of single-mode fibers, these fibers are in fact
dual-mode fibers as the fundamental mode can assume two degenerate polarization
modes: horizontal and vertical. To accomplish high-precision measurements, it
is necessary to preserve the polarization state of light. This is achieved using
polarization-maintaining fibers and often polarization controllers.

www.EngineeringBooksPdf.com
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WAVELENGTH-BASED SENSORS

Most wavelength-modulated sensors are based on fiber Bragg gratings (FBGs). An
FBG can be described as a periodic modulation of the RI of the fiber core. It is gener-
ally obtained when a photosensitive optical fiber is exposed to an ultraviolet radiation
in a periodic pattern. For sensor applications, the typical modulation of the RI is
An = 10 with a few millimeters length.

When an FBG is illuminated by a broadband light source, the spectral component
that satisfies the Bragg condition is reflected by the grating. In the transmission spec-
trum, this component is missing. The Bragg condition is given by the following
expression [34]:

Ag = 2Mggp core A (1.5)
where A5 is the wavelength of the back-reflected light (Bragg wavelength), n. .oy 1S
the effective RI of the core, and A is the periodicity of the RI modulation (=0.5 pm).
A schematic representation of an FBG is shown in Figure 1.4.

Equation 1.5 denotes that the signal reflected by the grating is dependent on the
physical parameters of the FBG. When the grating is subjected to mechanical defor-
mation or temperature variation, a shift in wavelength of the Bragg signal is obtained:

on g aA) ( Oy oA j
— eff ,core - v eff ,core Y 16
Ahg =2 (A % + Mt core % Ae+2| A 3T + e core 3T AT (1.6)

The first term in Equation 1.6 represents the mechanical perturbation on the
Bragg wavelength given by the alteration of the grating pitch and the changes in the
RI caused by the strain-optic effect. At constant temperature, the wavelength shift
caused by a mechanical perturbation can be expressed as

Alg = Ag(1-p.)e. (L7

where p, is an effective strain-optic constant.
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FIGURE 1.4 Schematic representation of a fiber Bragg grating.
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The second term in Equation 1.6 is related to the thermal perturbation on the
Bragg wavelength. The resulting wavelength shift is due to the changes in the grating
pitch, due to thermal expansion, and by changes in the RI. Assuming the strain is
constant, Equation 1.6 can be written as

Ahg = Ag(0, + 0, )AT (1.8)

where K, (=0.55 x 10-% K! for silica) and o, (=8.6 X 10-¢ K! for silica) are the ther-
mal expansion coefficient and the thermo-optic coefficient, respectively. For a Bragg
grating written in a germanium-doped optical fiber, strain and thermal sensitivities
of 1.2 pm/ue and 13.7 pm/°C are expected, respectively [35]. Although the main
application of FBGs as sensors are in temperature and strain monitoring, it is possi-
ble to monitor other parameters, such as pressure, acceleration, or the presence of
certain chemicals, by adapting the FBG to a structure that can translate these param-
eters into changes of temperature and/or strain. The RI can also be monitored if the
fiber cladding diameter along the grating region is reduced through an etching hydro-
fluoric acid treatment, increasing the sensitivity of the environmental medium to the
RI [36], as opposed to FBGs in standard fibers, where the interaction of the evanes-
cent field with the external medium is almost negligible. This procedure presents as
a drawback the fragility of the resulting sensor. Other designs of optical fiber sen-
sors, as for instance tilted fiber Bragg gratings (TFBGs) and long-period gratings
(LPGs), can also be used in RI sensing. TFBGs are FBGs where the RI modulation
is purposely tilted to the fiber axis, in order to enhance the coupling of the light from
the forward-propagating core mode to the backward-propagating cladding mode
[37]. This is obtained by tilting the fiber or the phase mask during the grating inscrip-
tion process. The reflected Bragg wavelength App and the cladding mode reso-

nances Al are determined by the phase matching condition, through the following
equations:
7\‘ — 2neff,coreA (1 9)
TFBG c Ose
7\,i _ (néff,core + néff,clad )A (110)
clad cos0
Where R cores Mircores ANA Ml 00 are the effective indices of the core mode at Apggg

and the core mode and the ith cladding mode at A}, respectively. The grating period
along the axis of the fiber, Aqpgg, is given by Arppg = Acos 0, where 0 is the tilt angle.
The cladding modes attenuate rapidly, being observed only in the transmission spec-
trum as numerous resonances. In Figure 1.5, a schematic representation of a tilted
grating is shown.

In an LPG the RI is periodically modulated to produce a grating; the periodicity
of this modulation is typically in the range 100 um to 1 mm, instead of =0.5 um as
in FBGs. Normally, the grating length is between 2 and 4 cm. The small grating
wave vector, 21/A, pg, Where A pg is the periodicity of the RI modulation, promotes
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FIGURE 1.5 Schematic representation of a tilted fiber Bragg grating.

the coupling of light from the guided fundamental core mode (the LP, mode) to
different forward-propagating cladding modes (LP, mode with i =2, 3, 4, ...). The
cladding modes are quickly attenuated as they propagate along the fiber axis, due to
scattering losses at the cladding—air interface [38]. As a result, the transmission
spectrum of an LPG has several loss bands, at different wavelengths, given by

kLPG,i = (neff,core — Mgt ctag )ALPG (1.11)

where A, is the coupling wavelength, 7. ... is the effective RI of the core mode, and
Ml e 18 the RI of the ith cladding mode. In Figure 1.6, a schematic representation of
an LPG is presented.

Since the first LPG was produced in 1996 by Vengsarkar et al. [38], by exposing
a hydrogen-loaded germanosilicate fiber to a krypton fluoride laser (248 nm), using
an amplitude mask made of chrome-plated silica, the number of methods to obtain
the modulation of the RI has been growing. The most typical techniques to produce
LPGs include the use of ultraviolet lasers, carbon dioxide lasers, electrical dis-
charges, and irradiation by femtosecond pulses in the infrared. However, it is also
possible to obtain LPGs by diffusion of dopants into the fiber core, ion implantation,
and deformation of the fiber [39]. A combination of two methods, namely femtosec-
ond laser and carbon dioxide laser, to produce LPGs has also been demonstrated
[40]. Such a technique exhibits the advantages of high fabrication flexibility and
good thermal stability, without hydrogen loading of the fiber.

In both LPGs and TFBGs, the attenuation bands obtained in the transmission
spectrum have been widely explored in the development of sensors, since they are
sensitive to a range of parameters. The response of the resonances to the measurand
is dependent on the order of cladding modes. This feature offers the possibility of
developing multiparameter sensing systems using a single sensor element. For
instance, using an 8° TFBG and monitoring the wavelengths of the core mode and a
specific cladding mode, Miao et al. [41] measured, simultaneously, the RI and
temperature. The sensing principle is based on the fact that the core mode is only
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FIGURE 1.6 Schematic representation of a long period grating.
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sensitive to temperature variations and the cladding modes are affected by both
parameters [41]. By also measuring the change in the wavelength of the core mode,
three parameters (temperature, strain, and RI) have also been demonstrated [42].

Apart from the schemes already exposed, in sensing applications it is also com-
mon to use chirped FBGs and gratings written in tapers. A chirped FBG is a grating
that has a nonuniform period along its length. The most common chirped FBGs have
a linear or quadratic evolution of the period of the grating along the length. This
category is particularly attractive in situations where a large number of individual
sensors are required to cover an extended area, acting as multipoint sensing. A taper
consists of a gradual decrease of the fiber diameter in the grating region, which can
be obtained through chemical or thermal methods.

All gratings that were introduced before were written in silica fibers. However, a
major drawback of using silica is that only 3% of elongation is achieved. This fact
motivated the scientific community to think of new fibers for FBG inscription,
namely in POF. The first Bragg grating in a step-index fiber was reported in 1999
[43] and the first in a microstructured POF only in 2005 [44]. The properties of POFs
are quite different from those of silica and offer some significant potential advan-
tages. Young’s modulus of poly(methyl methacrylate) is approximately 25 times less
than that of silica and POFs can undergo much higher strains. The most common
method for FBG inscription in POFs is the phase mask method with a 325-nm
helium—cadmium laser [45].

In the last years, the optical fiber sensors have been tailored to improve their resis-
tance, working range, and sensitivity to specific parameters of interest, leading to a con-
siderable increase in the number of sensors available. Common techniques used to carry
out these aims include the deposition of thin films on the fiber, use of fibers with different
profiles/compositions, and use of more than one grating, according to the desired sensing
application. This is the case of the sensor proposed by Lu et al. [46] for simultaneous
monitoring of soluble analytes and temperature. The sensor head consisted of two FBGs
coated with different polymers. Onto one of them a polyimide film was deposited, allow-
ing sensing of both temperature and concentrations of soluble analytes. The other one
was coated with acrylate, being only sensitive to the environmental temperature. As a
result of the deposition of a thin diamond-like carbon film on an LPG, Smietana et al.
[47] obtained an RI sensitivity 15 times higher than that achieved in the case of uncoated
gratings. Taking advantage of Young’s modulus of POFs, that is lower than that of silica
fibers, and their inherent fracture resistance and flexibility, Chen et al. [45] developed a
bend sensor based on an FBG written in an eccentric cored polymer fiber.

MULTIPARAMETER SENSORS

Multiparameter measurement using fiber sensors is a challenging topic, while it
enables the minimization of size, cost, and complexity of sensing systems. FBG sen-
sors are intrinsically sensitive to strain and temperature; however, they present cross
sensitivity between these two parameters, because changes in both the parameters
are encoded in the peak wavelength shift. The majority of FBG applications handle
this cross sensitivity using a pair of FBGs, where one grating is isolated from strain,
measuring only temperature variations, while the other FBG measures both strain
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FIGURE 1.7 Experimental setup for strain-temperature discrimination using a dual-
wavelength fiber Bragg grating.

and temperature. However, the first sensing head, proposed by Xu et al. in 1994 [48],
used a different principle of operation. The reported scheme (Figure 1.7) was based
on two superimposed FBGs written at two very distant wavelengths, 850 and
1300 nm, and explored the wavelength dependence of the photoelastic and thermo-
optic coefficients to obtain four different strain and temperature coefficients.

The concept of using different strain and temperature sensitivities was then widely
explored. In 1996, James et al. [49] spliced two FBGs written in fibers with different
diameters achieving distinct strain coefficients. The distinct temperature sensitivities
of FBG sensors written in the splice region of fibers with different dopants was later
presented [50]. Also, a sensing head was accomplished based on fibers doped with
different concentrations [51] or formed by splicing different FBG types [52].

Lu et al. [53] proposed a sensor based on two FBGs with distinct polymeric coat-
ings. From the different optical responses of the gratings due to the coating, the
sensitivity of the sensor to individual parameters can be exactly determined [53].
Mondal et al. [54] employed an embedded dual FBG mounted on opposite sides of
an arch-shaped steel strip. The compressive and tensile strain effects were explored
for thermal and strain discrimination [54].

In 2010, Lima et al. [55] designed a sensing head and presented the necessary
interrogation parameters to perform strain and temperature discrimination. They
used a single FBG written in an optical fiber taper with a linear diameter variation,
as represented in Figure 1.8 [55]. When subjected to tension and due to the different
cross sections of the fiber along its length, different values of strain arise, causing the
broadening of the FBG signal and allowing the use of the information contained in
both peak wavelength and spectral width.

Using a single TFBG, Chehura et al. [56] discriminated these two parameters
based on the fact that core mode resonance and cladding mode resonance exhibit
different thermal sensitivities but approximately equal strain sensitivities. The appli-
cation of high-birefringence fibers and more complex configurations based on Fabry—
Perot cavities with FBG mirrors [57], sampled FBGs [58], superstructured FBGs
[59], or the combination of single-mode/multi mode fibers [60], holey fibers [61], and
photonic crystal fibers [62], as well as many other sensing configurations involving
fiber-grating devices were also proposed. At present, the temperature and strain dis-
crimination continues to attract attention of the optical sensing community.

Beyond temperature and strain discrimination, research on FBG sensors evolved
toward the measurement of other parameters. FBG sensors capable of monitoring
displacement, pressure, curvature, load, or RI were also proposed and many of them
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FIGURE 1.8 Illustration of a tapered fiber Bragg grating (FBG) (above) and tapered FBG
after positive strain (below).

were also able to measure simultaneously other parameters, such as, generally,
temperature.

Several solutions for displacement/temperature [63], pressure/temperature [64],
and transverse load/temperature [65] discrimination were proposed based on the
grating technology with specific properties. The combination of an FBG and an LPG
allows discrimination of strain and curvature [66] and RI and temperature [67].
Beside temperature, other pairs of parameters can also be measured, such as stress/
cracks [68] and RI/strain [69].

Rao et al. [70] proposed the first sensor to discriminate three physical parameters.
This device was designed for structural health monitoring and measured strain, tem-
perature, and vibration using a combination of an FBG and a Fabry—Perot interfer-
ometer. Later, Abe et al. [71] reported a sensing head based on superimposed Bragg
gratings in high-birefringence optical fiber capable of discriminating axial strain,
temperature, and transverse load. More recently, Men et al. [72] measured saccharin-
ity, salinity, and temperature. A four-parameter fiber sensor for discrimination of RI,
surface tension, contact angle, and viscosity was proposed by Zhou et al. [73].

FBG INSCRIPTION METHODS

The most common FBG inscription methods include the phase mask, interferomet-
ric, and point-by-point techniques. In the first case, a phase mask is used; this is an
optical diffractive device that is designed to diffract light under normal incidence.
The superposition of the diffracted light occurs in front of the phase mask, where the
photosensitive optical fiber needs to be placed, creating an interference pattern on
the core of the optical fiber, which will be responsible for RI modulation (Figure 1.9a).
Using this grating inscription technique, it is possible to achieve some tuning capa-
bility by applying strain to the fiber during the inscription process; however, the
tuning ability of this method is limited by the elastic and mechanical limits of the
optical fiber. Moreover, to inscribe gratings with different wavelengths, a different
phase mask for each wavelength is necessary. This tuning drawback is compensated
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for by the reproducibility in the grating inscription. The phase mask method can also
be used in the production of more advanced profiles such as chirped gratings.

In the interferometric method, generically, the ultraviolet beam is split into two
beams and recombined in the core of the fiber after being reflected by two ultraviolet
mirrors, creating an interference pattern. Adjusting the angle of incidence, by chang-
ing the angle of the mirrors, is possible to control the wavelength of the inscribed
grating, from wavelengths close to the ultraviolet source to virtually infinity. The
separation of the beams is usually made with an amplitude beam splitter (Figure 1.9b)
or a phase mask (Figure 1.9¢c).

(a) UV laser beam

Optical fiber

(b) UV laser beam

Beam splitter

Mirror Mirror

Optical fiber

(c) UV laser beam
RRRRRIRRERR]

Mirror Mirror
Optical fiber

FIGURE 1.9 Schematic representation of gratings inscription techniques: (a) phase mask,
(b) interferometric with amplitude beam splitter, and (c) interferometric with phase mask.

www.EngineeringBooksPdf.com



Optical Fiber Sensors 21

In the point-by-point method, each grating plane is produced individually by a
focused single pulse from an ultraviolet laser. After the first grating plane is inscribed,
the fiber is then translated and a new point is written. The distance between two
planes corresponds to the grating pitch. The process is repeated to form the grating
structure in the fiber core. More in-depth information regarding the FBG inscription
methods can be found in Reference [74].

INTERROGATION OF FBG SENSORS

The principle of operation of a wavelength-based sensor system consists of monitor-
ing the resonance wavelength shift caused by a perturbation. An interrogation sys-
tem is required to measure this change. The ideal interrogation method should have
a high resolution over a large measurement range, typically from subpicometer to a
few picometers, be cost effective to compete with conventional optical or electrical
sensors, and must also be compatible with multiplexing techniques.

A common setup to interrogate FBGs, especially in a laboratory environment, is
composed by a broadband light source, such as a superluminescent LED, an OSA,
and an optical circulator or optical coupler, as shown in the scheme in Figure 1.10.
However, conventional spectrometers/OSAs have typical resolutions of 0.1 nm, and
so they are normally used for inspection of the optical properties of the FBGs rather
than for high-precision wavelength shift detection.

Agile tunable lasers and simple photodiode detectors allow one to obtain the
transmission and reflection spectrum of an FBG, offering an improvement of several
orders of magnitude in both output power and signal linewidth when compared with
broadband sources and spectrometers. These advantages are recognized for some
time, but the high cost of these systems has discouraged their use.

One alternative approach to interrogate an FBG signal is based on the use of a
tunable passband filter. The tunable filter is used to scan the wavelength range of
interest, where the FBG signal is located and the output is the convolution of both the
spectrum of the FBG and the tunable filter. When the spectra of both the tunable
filter and the FBG match, the maximum output occurs. This method has a relatively

Broadband
light source
Fiber Bragg OSA
grating
MmN TTTITI
Transmission
spectrum
Reflection
spectrum

OSA

FIGURE 1.10  Schematic representation of a fiber Bragg grating interrogation setup.
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FIGURE 1.11  Principle of operation of the edge filter interrogation method.

high resolution over a large working range, allowing one to interrogate, simultane-
ously, several FBGs. The resolution is mainly dependent on the linewidth of the tun-
able filter and on the signal-to-noise ratio of the FBG signal. The most common
tunable filters used in this configuration are Fabry—Perot filters, acousto-optic filters,
and FBG-based filters.

The methods described above can be used both for analysis of the optical proper-
ties of FBGs and for wavelength shift detection, since they allow one to obtain the
complete spectrum of one or more FBGs from which the peak wavelengths are easily
obtained. The edge filter technique only permits the identification of the peak wave-
length of one FBG, but is a cost-efficient method when high sampling rates are
demanded. This is based on the use of an edge filter with a linear dependence
between wavelength shifts and the output intensity variations of the filter. Using this
setup, as represented in Figure 1.11, a wavelength change can be converted to an
intensity change, easily detected using a photodetector. However, as the measure-
ment accuracy can be affected by both optical power fluctuations of the source and
alignment stability, it is a common practice to compare the transmittance through
the edge filters with a reference path. The measurement range of this setup is also
inversely proportional to the detection resolution.
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OVERVIEW

Modern technical systems need more and more sensors that are versatile, simple to
use, and immune to electromagnetic interferences. Optical sensors fulfill all these
requirements and are being more widely installed. While many sensors rely on glass
optical fibers, which are mostly single mode and thus relatively delicate in terms of
handling and operation, multimode fibers, especially robust, large-core polymer
optical fibers (POFs), are a cost-effective alternative. For quite a while, POF sensors
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have tried to enter the market, but only now they are considered seriously. Apparently,
the first applications of mass-produced POF sensors will be in automotive and indus-
trial areas such as impact sensors or seat occupancy Sensors.

In this chapter, we will present an overview of sensors based on POFs. First, we
will categorize the most common sensor types according to their fiber type and
sensing effect. Here, we will differentiate between microstructured and solid POF
sensors. Following this line of thought, we will then present several applications
for microstructured POFs, their advantages, and application scenarios. We will
then provide an overview of the principles of solid POF sensors and exemplary
applications.

GENERAL REQUIREMENTS AND SENSING EFFECTS

Several optical effects can be used for sensing. Often, influences of the environment—
usually tried to be avoided—are exploited for the generation of a sensing signal. We
will try to structure this magnitude of effects in order to give an organized overview of
the fundamental sensing principles.

Optical sensors may be classified in different ways:

 Intrinsic or extrinsic sensors

e Multimode or single-mode sensors

e Parameters influenced (e.g., transmitted or reflected amplitude, phase,
polarization, frequency, mode distribution, spectral distribution, etc.)

Figure 2.1 provides a hierarchical structure of fiber optical sensors in general.
They can be classified into glass and polymer fibers. Very many glass optical sen-
sors are in use today. Most of them are single-mode sensors making use of inter-
ferometric or polarization effects. These effects are well known and a lot of
literature deals with these sensors. We will therefore concentrate on polymer fiber
sensors for the remainder of the chapter. As in their glass counterparts, polymer
fibers are available as solid fibers as well as microstructured fibers with tiny holes
in the cross section running along the whole length of the fiber. These holes alter
the optical properties of the material they are embedded in and usually cause a
decrease in the material’s effective refractive index so that the material acts like
being doped with air (see, e.g., Reference [1]). Another approach is to form a
crystal-like structure around the fiber core, in which energy bands develop as in
semiconductors. These bands stand for allowed energy states for the photons so
that a fiber can be constructed with energy states that are allowed in the core but
not in the cladding. Then, photons cannot help remain in the core region. This
effect is called band-gap guidance and can even be used for fibers with air cores
that are otherwise impossible to produce (see, e.g., Reference [2]). The main advan-
tage of this type of fiber is that the holes can be changed in terms of geometry (e.g.,
by pressure) or refractive index (e.g., by blowing in gases or liquids), or that they
provide a means to bring the material to be studied closer to the light in order to
interact. Solid POFs are usually large in diameter and numerical aperture and thus
massively multimode. There are also a couple of single-mode POF applications,
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FIGURE 2.1 Classification of the most common sensor concepts.

but the main advantages of POF sensors are their robustness, ease of handling, and
the easy reception of light (e.g., for reflectance measurements). One can also dif-
ferentiate between single fibers, multicore fibers, and bundles. Most of the sensor
effects themselves are based on single fibers, but these sensors can be easily
extended or multiplexed by fiber bundles or in a more compact form as multicore
structures. In this way, one can design distributed sensors that can sense at many
different locations and bring their sensing signal to one centralized detector. Some
effects, however, make direct use of fiber bundles or multicore fibers; for example,
one can use a bundle of fibers in order to receive the reflected light of a surface or
use an additional fiber for calibration purposes. Solid POF sensors usually fall into
several distinct categories. One can use their attenuation by a simple power mea-
surement. Other sensors rely on refraction, which finally also leads to an increased
attenuation. Since standard POF are multimode, one can also measure the modal
power distribution and detect for instance bends that change the modal structure of
the fiber. Although multimode, one can also use phase measurements for the detec-
tion of elongation or other mechanical changes in the fiber. In this case, the optical
phase cannot be measured, but a lower-frequency sine signal can be used and its
phase can be compared with a reference signal.

In general, almost every physical parameter can be measured by an optical sys-
tem, making use of the attractive properties inherent in these systems, such as small
dimensions, electromagnetic immunity, or high bandwidth. POF sensors offer cost-
effective alternatives to otherwise ultra-precise, but expensive, glass optical sensors.
In some cases, where a large diameter is needed, they provide the only viable solu-
tion for a fiber sensor.
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SENSORS BASED ON MICROSTRUCTURED POFs

While standard polymer fibers provide many potential sensor applications that com-
bine low cost and ruggedness, some well-known applications that require single-mode
operations cannot be applied. While solid single-mode POFs will be available for
a couple of years, they do not share the main advantages of the POFs. Especially
the widely used fiber gratings (both Bragg and long period) provide simple high-
resolution sensor applications. In addition, microstructured fibers open completely
new possibilities for the detection of liquids or gases, which can be filled into the holes
or have a much stronger interaction due to the largely increased surface area. While
most of these sensor principles can be realized with glass fibers as well, several appli-
cations forbid glass altogether (all applications for which the fiber has to be put inside
the body or several automotive applications due to vibrations). In the following sec-
tion, we will provide a short report on applications based on microstructured POFs.

MECHANICAL SENSING WITH FIBER USING GRATINGS

Polymers have some advantageous mechanical properties that make microstructured
POFs better for mechanical sensing in some situations. Preliminary studies using
microstructured POF sensors based on long-period gratings (LPGs) [3] show that the
use of polymer fiber increases the range of repeatable strain measurements by sev-
eral times and the yield limit by an order of magnitude, compared to a silica-based
sensor. Figure 2.2 shows an example for an LPG-based sensor. The visco-elastic
properties of the polymer means there are time-dependent effects relating to strain
rate and magnitude. These effects are small when the sensor is intermittently strained
up to 2% and are relatively small at strains of up to 4-5%. Further testing is ongoing
to characterize these effects at very high strains. The effect of stress relaxation has a

150 [~ 7
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Wavelength shift (nm)
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FIGURE 2.2  Strain results using a long-period grating in a microstructured polymer optical
fiber, in which the strain is removed rapidly after application. There is a small deviation from
linearity at higher strains.
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small effect on the change in the wavelength of the loss features used in the measure-
ment of strain.

The use of high strains complicates the response of the sensor due to the visco-
elastic properties that can experience a partly nonelastic deformation requiring care-
ful calibration. This technology is the only one that allows the use of fiber strain
sensors operating at strains of up to 30-45%. These very-high-strain sensors are
currently being developed.

SENSING OF FLUIDS

The fact that microstructured POFs have cladding holes, and may even have a hollow
core (photonic band-gap fibers), opens up significant new opportunities for fluid
sensing. Fluid sensing in conventional optical fibers is difficult because of their low
refractive indices, which means guidance by total internal reflection (TIR) is imprac-
tical. The fluids have to be brought near the optical core of the fiber, which also
provides some challenges [4].

Microstructured optical fibers offer two elegant solutions to this problem. In
Figure 2.3, one can see a liquid-filled core and a photonic band-gap fiber, both of
which have been experimentally demonstrated. A selectively filled core fiber can be
used in conjunction with a high air fraction in the cladding region, or a fully filled
band gap can be used [5]. In both cases in Figure 2.3, the microstructure confines
both the light and the fluid, and critically allows almost a complete overlap of the
optical field with the fluid, a dramatic improvement on evanescent field sensors that
are the conventional fiber alternative. An alternative approach uses a microstruc-
tured core [6] though this relies on the evanescent field being maximized and pro-
duces a mode profile that makes efficient launching a challenge. In both cases, the
main benefit of the microstructure is the reduced interaction length that is needed
because of the strong evanescent fields at the sensing region, which is accomplished

FIGURE 2.3 Liquid sensing is possible in liquid-filled microstructured polymer optical
fiber: Open circles are air filled, closed circles are liquid filled. On the left, a selectively filled
core with total internal reflection with an air-filled cladding is used, while on the right a pho-
tonic band gap is used, in which both core and cladding holes are liquid filled.
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by the special field structure induced by the holes and the possibility of bringing the
fluid close to the waveguide.

SPECTROSCOPY USING EVANESCENT-FIELD INTERACTION

Another use of the evanescent field is important for many surface-sensitive effects
such as, for example, gas sensing or the detection of antibodies. These are an area
where microstructured fibers are likely to be extremely important because of their
high surface area/volume ratio. The selective detection of antibodies in microstruc-
tured POFs has been studied in References [7,8], and metal coating of the holes
allows them to be used as a platform for Surface Enhanced Raman Spectroscopy
(SERS), a technique that potentially combines very high sensitivity with detailed
molecular spectra. SERS has already been demonstrated in microstructured POFs
using silver colloidal solution, easily detecting concentrations of 200 nM of rhoda-
mine 6 G [9]. Aqueous sensing for medical or environmental applications makes this
area a very active one, with continuous online monitoring being one of the targets.

In order to bring the liquid to investigate near the sensitive area, a “side-hole”
fiber [10] has been developed. It simplifies the filling of the fiber and separates it
from the coupling of light in and out of the ends (see Figure 2.4). While the side-hole
fiber allows the rapid ingress of fluids close to the sensing region, it also allows effi-
cient surface treatment on the core. Most surface treatments on the interior surfaces
of the holes in microstructured fibers require the fluids to pass over the full length of
the fiber. This approach is problematic for some applications because it intrinsically
treats a very long section of the fiber and also does not allow the full range of pro-
cessing techniques to be applied. In particular, Surface Plasmon Resonance (SPR)
requires the application of a very-high-quality metal layer. Using the side-hole
approach, one can apply this layer externally using sputtering, an approach that is
known for high-quality films.

With this geometry the first experimental demonstration of an SPR sensor in a
polymer microstructured fiber [11] was realized recently. The width and position

Trench

Core

Evanescent-
field interaction

FIGURE 2.4 Fiber cross section with the microstructured cross section.
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of these shifts are consistent with theory, given the effect of measured surface
roughness [12].

SOLID POF SENSORS

Despite the fact that microstructured POFs allow for interesting sensing concepts,
most POF sensors rely on solid fibers with a large diameter and a high numerical
aperture. They often use so-called standard step-index POFs according to IEC
60793-2 Ada.2 due to their robustness, easy handling and preparation, their possibil-
ity to receive light from a large range of angles, and a big cross section. Since these
are highly multimode fibers, they cannot make use of, for example, interference or
other very sensitive, but single-mode, effects; they usually rely on easier-to-imple-
ment methods such as, for example, attenuation measurements, where the sensing
signal is transformed into an additional attenuation, reflections that can be easily
captured because of POF’s good light-capture properties and so on. In the following
sections, several sensor concepts will be presented that use different methods to
generate the sensor signal.

ATTENUATION

Attenuation can be measured relatively easily by power meters. Thus, it is an ideal
candidate for POF sensor concepts. Here, we will present two sensor applications
that use the induced additional attenuation for sensing purposes: One relies on
microbending losses of the fiber once it is subject to side pressure and deformation,
the other uses the refractive index difference between core and cladding, which can
lead to losses if the index difference becomes too small.

Attenuation due to Microbending

Two attenuation-based sensors have been developed for the car industry. According
to the European Union directive 2003/102/EC, pedestrian protection has to be pro-
vided for every new car since 2005. This can be fulfilled either by

¢ Passive means, that is, structural measures such as “soft” front ends and
sufficient deformation room between the hood and the engine; or by

e Active means, that is, sensors that identify a pedestrian’s impact and then
trigger protective means such as lifting the hood by means of actuators.

Currently, there are two solutions in use by European car manufacturers: one is
supplied by Leoni” and the other one by Magna.’

The Leoni system is based on attenuation of the evanescent electromagnetic field,
which is restricted to a small range outside the core of a Leoni-proprietary POF core.
When the vicinity of the core is changed, for example, due to an absorbing material

* http://www.leoni.com/fileadmin/leoni.com/downloads/pdf/produkte/en_pinchguard_flyer.pdf
 http://www.magnasteyr.com/xchg/en/43-66/electronic_systems/Products+%26+Services/Driver+Ass
istance+%26+Safety+Systems
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@)

FIGURE 2.5 (a) Light rays totally reflected due to air outside the core. (b) Total internal
reflection no longer possible due to the presence of absorbing material.

such as a human finger coming close, the evanescent field will be absorbed leading
to an absorption of the signal in the fiber itself without the need of physical contact
[13]. Practically, this can be realized through foam surrounding the bare core, ensur-
ing that in most parts of the surface air is outside leading to TIR. When this foam is
compressed, the conditions for TIR are no longer fulfilled and absorption occurs
(Figure 2.5).

In a different approach from Magna, the sensor is located in the front bumper of
a car. A POF is fixed between two structures that enhance the bending of the fiber
thus leading to increased attenuation (Figure 2.6). The temporal behavior of the
signal is characteristic of each collision partner and thus allows identification if a
pedestrian has been hit.

Attenuation due to Change of Refractive Index

Attenuation-based sensors can also be used for liquid detection. A flexible quasidis-
tributed liquid-level sensor based on the changes in the light transmittance in a POF
cable has been proposed in Reference [14]. The measurement points are constituted
by small areas created by side polishing on a curved fiber and the removal of a por-
tion of the core. These points are distributed on each full turn of a coil of fiber built
on a cylindrical tube vertically positioned in a tank (Figure 2.7).

The changes between the refractive indices of air and liquid generate a signal
power proportional to the position and level of the liquid. The sensor system has been
successfully demonstrated in the laboratory, and experimental results of two proto-
types with 15 and 18 measurement points and with bend radii of 5 and 8 mm,
respectively, have been achieved; the results of the 5-mm type are shown in

Bending structure

POF

Bending structure

FIGURE 2.6 Polymer optical fiber pedestrian impact sensor principle currently used in
several European cars.
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FIGURE 2.7 Schematic of the quasidistributed level sensor (one fiber/detector).

Figure 2.8. The number of measurement points can be easily increased with the only
limitation due to the dynamic range of the attenuation-measurement equipment.

REFLECTION

Another sensing approach uses reflections either outside or within the fiber. The
POF’s large-core diameter and high numerical aperture make it an ideal fiber to
capture reflected light and to guide it to a central location where the evaluation of the
sensor signal takes place. Reflections within the fiber, for example, due to side pres-
sure, localized elongation with consequent change of geometry, and so on, can be
detected by optical time-domain reflectometry (OTDR), a measurement method
widely used in fiber optics. With this approach even distributed sensing is possible
along the total length of the fiber.

Capture of Reflected Light

The changing intensity of reflected light from a mirror at a certain distance can be
used for a displacement sensor. The power transmitted from the output end face of
one fiber to the input end face of another depends on their separation distance and
closely follows an inverse square law. Utilizing this fact, for example, Augousti [15]
and Toannides et al. [16,17] developed a linear displacement sensor usable between
15 mm and 80 m. In this case, two receiving, axially separated fibers are put in front
of the surface whose displacement is to be measured, with a third fiber acting as the
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FIGURE 2.8 Experimental loss obtained as a function of turns immersed in water.

emitter (Figure 2.9). The accuracy, resolution, and stability of the sensor are better
than 1%.

This sensor has also been shown to be suitable for the measurement of the fre-
quency of large-amplitude vibrating surfaces [18]. The main features of the POF that
make this sensor possible are its high numerical aperture and its large core size. The
measurement of displacement can be made to relate to changes in the liquid level
[19,20], and has been used to relate to water uptake by a plant with a resolution of
2.5-107 L. The same sensor has also been used to monitor the reflectivity of a mirror
surface as a function of condensation, as part of a condensation dew-point hygrometer
[21]. There are also other cases where the POF displacement sensor can be used to indi-
rectly probe into conditions of the environment: for example, detect the liquid nitrogen
level present under quench conditions in a super-conducting fault—current—limiter

<—+— To photo detector

Target,

—T> From LED mirror

<—— To photo detector

FIGURE 2.9 Schematics of the displacement sensor.
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device using POF and not affected in performance up to 420 kV, as well as the sensor
being inexpensive [22].

Mechanical Properties Using OTDR

Mechanical stress can induce changes of the refractive index or the fiber geometry,
which can lead to local reflections within the fiber. The evaluation of these reflec-
tions can be used for a strain sensor. Because of their high elasticity and high break-
down strain, POFs are well suited for integration into technical textiles. Smart
textiles with integrated POF sensors can be realized, which are able to sense various
mechanical, physical, and chemical quantities and can react and adapt themselves to
environmental conditions.

Medical textiles with fiber optic sensors (Figure 2.10) that can measure vital phys-
iological parameters, such as respiratory movement, cardiac activity, pulse oxyme-
try, and temperature of the body, are needed for wearable health monitoring, for
patients requiring continuous medical assistance and treatment.

The monitoring of anesthetized patients under Medical Resonant Imaging (MRI)
requires pure fiber optic solutions due to the immunity of fiber optics against electro-
magnetic radiation. POF sensors are advantageous because of their biocompatibility
in case of fiber breakage. The breathing movements of patients during an MRI
examination can be monitored by POF sensors embedded into a textile yarn and
placed on an efficient area of the thorax or the abdomen [23,24]. Using an OTDR
technique, the cyclic strain induced in the POF due to the respiratory movement can
be measured distributed in the range between 0% and 3% (Figure 2.11). The distrib-
uted measurement provided by the OTDR technique allows one to focus only on a
special part of the fiber and so to differentiate between abdominal and thoracic
respiration, and to neglect contributions from nonsensing parts.

POFs can also be woven into geotextiles in order to add a sensing functionality to
them. Geotextiles are commonly used for reinforcement of geotechnical structures
such as dikes, dams, railway embankments, landfills, or slopes. The incorporation of
optical sensor fibers into geotextiles leads to additional functionalities of the textiles,
for example, monitoring of mechanical deformation, strain, temperature, humidity,
pore pressure, detection of chemicals, measurement of the structural integrity, and
the health of the geotechnical structure [25]. Especially solutions for the distributed
measurement of mechanical deformations over extended areas of some 100 m up to

Decreased
bending radii
while stretched

FIGURE 2.10 Monitoring of respiratory abdominal movement of an adult by polymer
optical fiber optical time-domain reflectometry.
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FIGURE 2.11 Respiratory abdominal movement recorded by polymer optical fiber optical
time-domain reflectometry.

several kilometers are needed. Textile-integrated, distributed fiber optic sensors can
provide for any position of extended geotechnical structures’ information about criti-
cal soil displacement or slope slides via distributed strain measurement along the
fiber with a high spatial resolution of less than 1 m. So the early detection of failure
in geotechnical structures with a high risk potential can be ensured.

The integration of POFs as sensors into geotextiles is very attractive because of
their high elasticity and capability of measuring high strain values of more than 40%
[26]. Especially the monitoring of relatively small areas with expected high mechan-
ical deformations such as endangered slopes takes advantage of the outstanding
material properties of POFs.

ELONGATION

As a low-cost alternative to fiber Bragg-grating sensors targeting the lower sensitiv-
ity range, POF elongation sensors have been proposed, for example, by Doering [27]
and Poisel et al. [28]. A recently recovered detection system known from laser dis-
tance meters turned out to be very sensitive while staying simple. The approach is
based on measuring the phase shift of a sinusoidal light signal guided in a POF under
different tensions resulting in different transit times. One of the setups under inves-
tigation is shown in Figure 2.12. The reference fiber is used for compensating tem-
perature influence. Its output signal serves as a reference in order to obtain a phase
difference by comparison.

This sensor was used to monitor the rotor blades of a windmill. Under hefty wind
conditions the blades can bend beyond an allowed degree and finally break. Thus,
they should be monitored and once wind conditions become too severe the blades
will turn out of wind direction. Figure 2.13 shows the measured raw data taken dur-
ing a normal day. The 39-m blade was fixed on the ground and oscillations could be
excited through an external mechanism. One can see that the intensity of the sensor
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FIGURE 2.12 Schematic of the phase-measurement setup.

signal drifts during the day because of irradiation through the sun. Using a digital
high-pass filter, this drift can be eliminated. The bottom of Figure 2.13 shows the
processed data. One can observe the elongation of the fiber when the blade is excited
with different amplitudes. Fast Fourier transform processing of the signals yields a
very precise value of the oscillation frequency, thus offering the possibility of observ-
ing frequency shifts, for example, due to layers of ice or snow which might cause
dangerous situations in the winter. Oscillation frequencies of more than 100 Hz can
be measured easily.

We also investigated the resolution of the strain sensor for different elongations.
For this measurement, a reference frequency of 2 GHz was used. Figure 2.14 shows
the results for a I-m POF that was stretched in 50-um steps. One can clearly observe
the remarkable accuracy and repeatability that could be achieved.

These sensors are thought to be implemented in structures such as the rotor
blades of a wind power generator, aircraft wings, or, in general, in structures that
have to be monitored for their integrity (structural health monitoring). Transmitters
and receivers have been directly adopted from POF transceivers developed for
Gbit/s applications.
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FIGURE 2.13 Sensor raw data (above) and processed data (below) over a typical day.
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FIGURE 2.14 Resolution of the strain sensor when a 1-m polymer optical fiber sample is
stretched in 50-pm steps (f=2 GHz).

TEMPERATURE SENSORS BASED ON FLUORESCENCE

Temperature is a very important parameter for the electric power industry because
insulators, copper conductors, core iron of transformers, insulator oil, and all equip-
ments are very sensitive to temperature, which has to be strictly controlled at all
times. Nevertheless, when dealing with high voltage, sometimes one cannot use
conventional electric sensors because they work in near-ground level and therefore
need to be kept at a creep distance from energized parts. Thus, some important
parts, such as copper conductors, simply cannot be monitored in a conventional
way. For this reason, optical fiber sensors can offer many advantages over conven-
tional sensors, such as high immunity to electromagnetic interference, electrical
isolation, no need of electric power to work, and therefore can be placed at high
electric potentials. Such fiber-optical temperature sensors can be realized using
ruby fluorescence when pumped by a pulsed ultra-bright green light-emitting diode
(LED). In a field test, we used a 10-m single-fiber probe and could achieve tempera-
ture measurements in the range of 25-75°C with £1°C accuracy with a time response
of a few seconds. The prototype with four probes was installed on a substation har-
monic filter at 75 kV for temperature monitoring. The fluorescence-based optical
sensors use a green LED to pump the ruby, which returns red light. Due to the dis-
tance between these two wavelengths, the sensor is potentially more sensitive and
error-immune than other fiber-optic temperature sensors that only rely on absorp-
tion difference when the temperature varies [29]. Previously, experiments were per-
formed with commercial polystyrene fluorescent fibers [30] and ruby [31] as
temperature sensors. Ruby has already been used for fluorescence thermometry
[32]. It is low cost, easily available, POF-compatible, and can be driven with low-
cost light sources (blue or green ultra-bright LEDs). Si-based photo detection and
simple electronics can be used because of the strong intensity and long lifetime of
the fluorescence signal. The fluorescence peaking at a wavelength of 694 nm fea-
tures a long decay time of 2—4 ms. Figure 2.15 depicts the spectra of the compo-
nents used. The system was installed in March 2007, with a fully automatic transfer
of the sensor data via the Internet.
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FIGURE 2.15 Spectra of all components involved in the system.

SENSOR MULTIPLEXING BY FIBER BUNDLES

Fiber optical sensors not only provide interesting applications and sensor principles,
they can also be multiplexed easily and the sensor signals can be combined into
compact fiber bundles or even more compact multicore fibers. Under certain condi-
tions it is even possible to multiplex the sensor signals onto different frequencies or
wavelengths so that only one single fiber may be used. We realized several multiple-
fiber sensors with POF bundles. For instance, in the liquid-level sensor system we
used a commercial USB camera at a central location, limited in temporal and spatial
resolution and bad coupling efficiency that was still sufficiently good to receive the
sensor signals accurately.

In a similar way, we developed a so-called multifiber receiver (MFR) [33]. A com-
mercial complementary metal-oxide—semiconductor sensor array was used with
some modifications: In order to obtain efficient butt coupling of the fiber bundle to
the sensitive chip we had to remove the protective window. Thus, the bundle could
be put as close as possible to the array’s surface (without breaking the bond wires).
A sketch of a sensor application is shown in Figure 2.16.

Each sensing point consists of a pair of POFs (c.f. inset in Figure 2.16), one trans-
porting the light of a single LED to the region of interest, the other one catching the
scattered light and transporting it to the MFR. The intensity of the back-scattered
light depends on the compression of the foam and serves as the sensor signal. For a
first demonstration, we coupled 12 x 12 POFs of 250 um diameter each from a
Kinotex™ sensor mat [34,35] to our MFR thus resulting in 12 X 12 pressure-sensi-
tive points distributed over an area of 50 cm by 50 cm. Using this mat, the shape of
objects putting pressure on it can be recognized: By increasing the number of sens-
ing points combined with a proper pressure calibration one could further improve the
resolution (Figure 2.17). Even dynamic processes can be detected through the fast
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FIGURE 2.16 Application of the multifiber receiver in a Kinotex sensor mat.
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FIGURE 2.17 Shape sensing with a Kinotex sensor mat and a multifiber receiver (Adapted
from H. Poisel, 18th POF Conference 2009, Sydney, Australia, September 2009.)

response of the complementary metal—oxide—semiconductor electronics, allowing at
least 500 frames per second in our demo system.

CONCLUSION

Fiber sensors offer a great variety of applications. While glass-based fiber sensors
are often single mode and sometimes critical in terms of handling and robustness,
POF sensors can easily be used in harsh environments. In addition, they provide
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cost-efficient alternatives to already-existing sensor applications that often rely on
simpler-to-implement methods. We have given a rough overview of available POF
sensor concepts with microstructured and solid fibers. While microstructured fiber
sensors take advantage of a stronger interaction with the media to sense and allow
additional functionalities because of their capillaries, solid POF sensors offer more
robust and often simpler sensors for low-cost applications based on effects like atten-
uation or reflection, which can be easily measured.
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INTRODUCTION

Sensors, in their most general form, measure signals from the environment for
interpretation and analysis—with the objective of providing actionable information
to the user. Such is the case for biosensors, which have found widespread applica-
tions in medical research, healthcare, environmental monitoring, chem-bio defense,
and food safety. In biomedicine, biosensors are used for discovering new drugs,
elucidating biological pathways, and studying biomolecular interactions. Within the
healthcare setting, biosensors can be implemented as biometric assays and can
serve as diagnostic tools, potentially predicting disease or suggesting disease sus-
ceptibility via genetic screening. Biosensors are also used for environmental moni-
toring, such as detecting the presence of specific allergens or environmental
contaminants, and for defense against threat agents such as anthrax, ricin, or other
toxins. While this chapter focuses on biosensor design considerations in medicine
(research, diagnostics, etc.), nearly all the devices discussed have far-reaching
applications beyond the exclusive domain of biomedical research. For instance, a
biosensor for detecting malaria could also be implemented to detect pathogenic
organisms in food, or as a research tool to screen for inhibitors to prevent disease.

In this chapter, we address the requirements and desired features of biosensors for
biomedical applications, emphasizing the goal of realizing fully integrated and dis-
tributable lab-on-a-chip (LOC) devices. We highlight silicon photonics as an advan-
tageous technology for such LOC applications, particularly for label-free optical
biosensing. In addition, we address other promising label-free electrochemical and
mechanical biosensors, with a brief survey of current research in the field. Finally,
we provide a perspective on the remaining challenges that need to be addressed for
biosensors to inform researchers and clinicians, with the ultimate objective of
improved healthcare outcomes.

DESIRED BIOSENSOR CHARACTERISTICS

The ideal biosensor, within the realm of biomedicine, should: rapidly detect any analyte
of choice from a low-volume unprocessed sample; be disposable or contain reusable
low-cost components; require minimal training; integrate the source, transducer, and
detector into a single portable device; allow long-term storage in ambient conditions;
and produce a clear and quantitative readout of the amount of target analyte in the
sample. While such an ideal biosensor has not been realized, it is useful to keep the
ultimate goal in mind when discussing the desired characteristics of biosensors. It is also
important to note that all these qualities are not required for a technology to have value,
but they are the characteristics needed to achieve true point-of-care (POC) biosensing.
Incremental steps toward such a system could still have important applications. For
example, simplifying the operator requirements and allowing use with unprocessed
samples would significantly improve the utility of diagnostics in a clinical setting.

Sensitivity and Selectivity

A biosensor must, first and foremost, be both sensitive and selective for the target
agent or agents it is designed to detect. With the hope of using unprocessed
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samples such as saliva, blood, urine, or other bodily fluids, the analyte to be
detected will usually be at low relative concentrations within the complex biologi-
cal milieu of cells, proteins, lipids, and salts found within a typical biological
sample. A comprehensive study of potential cancer biomarkers reported that 88%
of cancer biomarkers found in plasma (out of 211 surveyed) are below 10 ug/mL,
and 49% are below 10 ng/mL [1]. As a comparison, common plasma proteins such
as albumin and fibrinogen exist at milligram per milliliter levels, and the salinity
is roughly 150 mM. Even when sample processing is an option in a properly
equipped laboratory, it can be laborious and time consuming, and the motivation
for using unprocessed or minimally processed samples reemerges. Rapid testing
and analysis are of utmost importance in a clinical setting, where diagnostics can
be used to guide prophylactic or therapeutic intervention, significantly influ-
ence patient outcome, and dramatically reduce the time and cost associated with
patient care.

Label-Free

Along these lines, it is desirable to detect target analyte without the need for a
label. In biosensors and diagnostic assays, the label is usually a chromophore, fluo-
rophore, or enzyme that is either directly attached to one of the interacting mole-
cules or attached to a secondary reporter molecule in order to amplify the binding
event signal (Figure 3.1a). While assays that use labels continue to find widespread
use in research and medicine—take, for instance, the ubiquitous enzyme-linked
immunosorbant assay (ELISA)—there are many reasons as to why it is desirable
to eliminate the indicator (Figure 3.1b). Labeling not only increases the time and
cost of an assay, but it also inherently alters binding interactions [2] and obscures
quantification [3]. Labels are also, in general, unstable molecules that require care-
ful storage; this makes assay standardization difficult and limits their use in a POC
setting. Finally, when the target analyte is unknown, such as high-throughput
screening of molecular libraries, labeling is simply not an option. Label-free bio-
sensors can decrease cost and assay time; provide quantitative information of
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FIGURE 3.1 Label-based and label-free biosensing differ in terms of the means by which
the analyte is detected. (a) Example of label-based sensing via a fluoscently labeled analyte or
secondary probe (antibody). (b) Example of label-free biosensing, where an inherent property
of the analyte, such as refractive index (1), mass, or impedance (Z), alters the input signal such
that detection can occur.
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unaltered binding interactions in real time; and potentially enable portable bio-
sensing of unprocessed samples. The lack of a label, however, increases the
requirements for sensitivity and necessitates on-chip controls to ensure that signals
being analyzed are due to the analyte and not due to nonspecific interactions with
the sensor.

Multiplexing

The need for on-device controls is complementary with the desire for biosensors
to be multiplexible, where multiplexing describes a biosensor’s ability to run mul-
tiple experiments simultaneously (Figure 3.2). For screening applications and dis-
ease diagnostics, the ability to test for multiple binding interactions is imperative.
Disease states are most often described by multiple biomarkers, and the ability to
provide a conclusive diagnosis is reliant on taking a systems approach for

0.5/cm

—

FIGURE 3.2 Two examples of multiplexed biosensor platforms. (a) Each donut-shaped
depression seen in the scanning electron micrograph represents an individual microring
resonator (manufactured by Genalyte, Inc., San Diego, California) (b) exposed through lith-
ographic etching of a polymer coating. Microrings are interrogated with a bus waveguide
that comes within 100 nm of the resonator. (c—e) Example of a commercial microelectrode
array manufactured by CustomArray, Inc. (Mukilteo, Washington). The array contains
12,544 individually addressable microelectrodes. Each electrode is 44 um across and is
separated from the reference electrode by an insulating layer (e). Photo credits: (a)
Nanophotonics Laboratory, University of Washington; (b) Tate Owen; (c) CustomArray,
Inc.; (d,e) Authors.
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measuring the concentrations of more than one biomolecule [4-7]. A good exam-
ple of the dangers of relying on a single biomarker for disease can be found in
prostate-specific antigen (PSA), a Food and Drug Administration (FDA)-approved
cancer biomarker, which was once widely thought to be a direct indicator for
prostate cancer. As a result, researchers developed a number of diagnostic assays
and recommendations for diagnosing cancer based on the detected concentration
of PSA. However, it became apparent that PSA levels varied widely between indi-
viduals and it served as a poor indicator for the presence or prognosis of cancer
[4,8]. Investigators have found similar poor diagnostic values for the remaining
eight FDA-approved cancer biomarkers, highlighting a shortcoming of single
biomarker-based diagnostics [1]. In contrast, a systems approach operates on the
hypothesis that disease introduces genetic or environmental perturbations that
alter biological networks, resulting in widespread changes being reflected in the
levels of multiple proteins and other biomarkers present in the body. Considering
the complexity of a physiologic system, it is clear why multiple biomarkers may
be needed to diagnose disease.

In addition to accurately diagnosing single diseases, multiplexible biosensors
could be used to screen for multiple diseases or pathogens at once, which would be
especially useful for POC applications where resources are limited and visits to the
clinic are rare. In the case of pathogen detection, multiple tests are often needed to
positively identify a pathogenic organism. Currently, diagnosticians use various cul-
ture and biochemical tests, requiring days to reach a positive conclusion. The most
accurate tests rely on a polymerase chain reaction, but this process is prohibitively
expensive and unavailable in areas of the world where such tests are most needed. As
an alternative to pathogen detection based on nucleic acid assays, many pathogens
can be uniquely characterized by their ligand-binding affinities and antigenic pro-
files [9-14]; a quantitative biosensor containing a panel of known pathogen-binding
ligands and antibodies could detect the presence of these pathogens from patient
samples.

In biosensor design, multiplexibility requires multiple sensors or multiple sens-
ing regions that can be differentially functionalized and interpreted. Microarrays
using DNA [15,16], proteins [17,18], and carbohydrates [19-22] provide an excel-
lent example for the potential of high-throughput screening, yet they almost always
rely on a fluorescent readout. Nonfluorescent microarrays are increasingly being
used with surface plasmon resonance imaging (SPRi) [23,24]. In addition to being
high-throughput and label-free, SPRi allows real-time analysis of binding
interactions.

GENERAL LABEL-FREE BIOSENSOR SETUP AND OPERATION

A biosensor is any device that converts a biological event—typically, but not limited
to, binding between complementary biomolecules—to an output signal that can be
analyzed to describe the sensed event. When no label is used, detecting the binding
event relies on a transducer, the mechanism of which can be electrochemical,
mechanical, or optical. The transducer must be functionalized with a bioactive
surface that captures the target biomolecules or changes in response to the target,
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such that these changes on the surface of the transducer elicit a detectable signal
(Figure 3.1b). The bioactive surface is generally composed of one or multiple bio-
recognition molecules such as oligonucleotides, peptides, antibodies, aptamers,
phages, and carbohydrates. These molecules can be attached to the transducers using
nonspecific adsorption or by specific covalent attachment via reactive groups that are
either native to the biomolecules or introduced through molecular biology or syn-
thetic techniques. Regardless of the mechanism of attachment, the bioactive surface
must be resilient to degradation and prevent nonspecific binding to other biomole-
cules or contaminants. In addition to the transducer element of a biosensor, its opera-
tion relies on a variety of support instrumentation and additional components. First,
a biosensor requires some way to deliver the sample to the sensing region. With the
exception of gas-based sensors, this usually requires a fluidic handling system
(pumps, tubing, channels, etc.) that can effectively deliver aqueous samples while
simultaneously minimizing reagent consumption. Next, the signal generated by the
transducer must be analyzed and correlated with the sample, whether quantifying
analyte concentration, binding kinetics, or simply the presence of the target. These
additional aspects of the biosensor, beyond initial signal transduction, require instru-
mentation that: actuates (e.g., signal generator, light source), detects (e.g., oscillo-
scope, photodetector), and processes (e.g., microprocessor) the signal. In most cases,
all these components require power. Thus, considerations for constructing and
implementing integrated POC biosensors extend beyond the sensor itself.

TOWARD FULLY INTEGRATED BIOSENSORS

Significant effort has been dedicated to miniaturization and integration of biosensing
components to construct LOC devices. The motivation is obvious: fully integrated
chip-based biosensors would allow biosensor applications to expand beyond research
laboratories into clinics, households, and the POC. In addition to the aforementioned
desired characteristics of a biosensor, the devices need to be cheap, robust, reliable,
easy to use, and consume low amounts of power. While many technologies and dis-
ciplines are converging to achieve this goal, two stand out as especially enabling for
the future of biosensors. The first is the fabrication of miniaturized and integrated
electronic devices, an effort spearheaded by the microelectronics industry, whose
techniques have had far-reaching applications in microtechnologies and nanotech-
nologies. The other is microfluidics (a beneficiary of microelectronic fabrication pro-
cesses), which enables the handling and manipulation of small volumes of fluidic
samples and is particularly amenable to device integration. In order to realize an
integrated LOC biosensor, researchers will, without a doubt, need to leverage both of
these technologies. It follows that these devices would greatly benefit from having
planar chip-based components in order to integrate microfluidics while capitalizing
on semiconductor fabrication technologies [25].

Silicon photonics has become a focal point of many parallel efforts to achieve
fully integrated biosensors complete with on-chip light sources, detectors, and data
processors [26—29]; the high-throughput, cost-effective, and scalable manufacturing
techniques developed by the microelectronics industry and the sensitivity, efficiency,
and pervasiveness of optical biosensing are united by their ability to be implemented
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on silicon. Jokerst et al. [25] point out the components necessary for a fully inte-
grated planar photonic biosensor. Importantly, all the components—a light source
(e.g., thin film III-V edge emitting laser) [30], a sensor (e.g., microring resonators)
[31], and a photodetector (e.g., InGaAs metal-semiconductor—metal photodetector)
[32]—have been fabricated in planar formats and tested independently by different
groups, so all that remains is piecing everything together. This is no trivial task,
especially considering the other hurdles such as microfluidic integration, sensor
functionalization, and device characterization, yet the technologies exist and efforts
are underway to make fully integrated and distributable biosensors. Steps toward
this goal have been made. Microresonators, optical biosensing devices, have been
integrated with chip-based photodetectors that were able to monitor the resonant
condition of the microresonators [33,34]. Chip-based light sources (e.g., thin-film
edge emitting lasers [35] and dye lasers [36]) have also been integrated with an inter-
ferometric coupler [35], as well as a waveguide and a photodetector in series [30].
A variety of traditional optical components such as microlenses [37], mirrors [38],
filters [39,40], laser diodes, and photodiodes [39], as well as sensing components
such as interferometers and microresonators, have been integrated into microfluidic
devices [25-27,41]. Microfluidic devices have also incorporated valves [42,43],
pumps [44—-46], and sample processing capabilities such as mixers [47,48], target
concentrators [49,50], and target separators [51-53].

SiLicoN PHoTONICS FOR DEVICE INTEGRATION

A Note on Classification

As with many broad classification systems, defining the scope of silicon photonics is
a difficult task, and the silicon photonic community remains divided on means of
classification. A decent approach is classification based on the materials used in the
system; some in the field argue that silicon photonics is strictly limited to devices
composed of only silicon waveguides, while others include materials such as silicon
oxides, silicon nitride (Si;N,), and silicon in oxynitride (SiON). We take the latter
approach of using a more broad definition of silicon photonics, and place emphasis on
planar devices that leverage complementary metal-oxide—semiconductor (CMOS)-
based microfabrication techniques and thus have potential for component integration.
Some of the devices used as examples do not use silicon-based waveguides, while
others do not use waveguides at all. Nevertheless, it is useful to introduce some of the
basics of silicon photonics at this point in the discussion.

Why Silicon?

Traditional optical components are bulky and expensive; they require exotic materi-
als such as indium phosphide (InP), gallium arsenide (GaAs), and lithium niobate
(LiNDbO,). In addition, compound optical devices are usually assembled by hand
[54], such that the difficulty of assembly increases exponentially with the number of
components. This makes the large-scale production of complex free-space optical
systems onerous. Silicon, on the other hand, has a history of automated processing
and the microelectronics industry has developed extensive manufacturing infra-
structure. This industry has invested hundreds of billions of dollars to the processing
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and implementation of silicon in microelectronic devices, driven by silicon’s advan-
tageous electronic properties and its low cost. More recently, much attention has
been directed toward determining ways of implementing silicon as an optical mate-
rial to address the cost and manufacturing limitations of current optical devices and
to advance the microelectronics industry [55,56]. Importantly, silicon has properties
that also make it attractive for photonics, most notably its transparency to wave-
lengths of light greater than 1100 nm and its high refractive index (RI = 3.5). These
properties, coupled with CMOS-processing techniques, allow optical devices to be
defined in silicon substrates such that fabricating thousands of silicon photonic
components has become a trivial task. Device alignment, typically the most critical
and time-consuming step of assembling traditional compound optical systems,
becomes a fully passive process because the photolithographic masks define the
device layout.

An important feature of silicon-based devices is the facile modification by oxida-
tion, doping, and metallization. The incorporation of oxygen into silicon (forming
Si0,) is the most common modification, and it is ubiquitously used as the insulator
in silicon-on-insulator (SOI) microelectronic devices. As applied to silicon photonic
structures, the lower RI of SiO, (1.46) compared to silicon allows it to serve as a clad-
ding material and confine the light modes within features, known as waveguides,
defined in the silicon. Doping is necessary to impart electrical functionality, such as
diodes, into silicon. A simple example that demonstrates this feature is a p—i-n
diode, where group III and group V ions are implanted in discrete regions on the sili-
con to introduce p-type and n-type behavior, respectively [54]. Finally, the metalliza-
tion of silicon (i.e., deposition of metallic structures on silicon) allows for the
inclusion of device interconnects and contact pads for external manipulation and
interrogation. These common processes utilized by the microelectronics industry
can also be incorporated into the fabrication of silicon photonic devices to act as, for
example, optical switches and modulators [57].

Waveguides can shuttle and manipulate light on the devices in a way that is analo-
gous to how metallic wiring guides electrical signals, and since using light in place
of electrons significantly increases potential data transfer rates and decreases loss,
silicon photonics is of particular interest to the communications industry and assures
continued investment in this area. Fiber optic cables are already used to rapidly
transmit data over long distances with little loss, and the transition to replace on-chip
electronics with optical components has begun [58]. Further, because of silicon’s
excellent electrical properties, the extensive tools available for modifying silicon
(e.g., silicon doping and metallization) [54], and the demonstrations of on-chip opti-
cal components discussed above, it is clear that fully integrated optoelectronic chips
are achievable in the near future.

Waveguides: Fabrication and Basic Principles

Waveguides are defined on silicon substrates using standard lithographic processes
that are widely implemented in CMOS fabrication techniques. A variety of litho-
graphic techniques exist for creating silicon structures, including wet and dry chemi-
cal etching approaches and e-beam lithography. Dry etching is accepted as the more
precise and reproducible technique for large-scale fabrication, achieving critical
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dimensions of 10 nm. This is smaller than what is required for many basic wave-
guide structures (with the exception of slot waveguides), but the capability remains,
and very high densities of waveguides can be attained. E-beam lithography, while
not amenable to high-throughput fabrication, allows rapid prototyping of device
structures which enables research in silicon photonics. Both planar and two-dimen-
sional waveguides have been used in biosensors, but, in most practical applications
that extend beyond biosensing, light must be confined in two dimensions so as to
manipulate and direct light in a controlled manner while minimizing loss [54]. One
of the most basic two-dimensional waveguide structures, a ridge waveguide, is
shown in Figure 3.3.

Light is coupled into and confined within the waveguide core on account of its
higher Rl relative to the cladding layers that surround it. The lower cladding layer is
almost always silicon dioxide, while the upper cladding can be air (RI = 1), water
(RI = 1.33), more silicon dioxide, or just about any material with an RI below that
of the waveguide core. Rectangular rib waveguides can support multiple light prop-
agation modes, the number of which is determined by the dimensions of the wave-
guide. In general, the larger the waveguide cross-section, the more modes it will
support. However, given the correct waveguide geometry, only the fundamental
mode will propagate because higher-order modes will leak out over very short dis-
tances [59]. A portion of the light, the amount of which depends on the waveguide
structure and the cladding material, propagates outside of the core. The light out-
side of the waveguide is known as the evanescent field; the intensity of this field
decays exponentially away from the core and it is influenced by the RI of the clad-
ding (Figure 3.3b). Thus, the propagation of light through the waveguide is sensitive
to changes outside of the core within the evanescent field, a property that is exploited
for applications in biosensing. The distance that the evanescent field extends into
the dielectric can be tuned by altering the dimensions of the waveguide, the wave-
length of light, and the dielectric itself, but it is typically on the order of tens to a
few hundred nanometers [60,61]. Like surface plasmon resonance (SPR) biosensors,
this gives waveguide-based biosensors the ability to sense localized biomolecular
interactions at the waveguide surface while being largely insensitive to changes in
the bulk fluid.
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FIGURE 3.3 Basic ridge waveguide. (a) A scanning electron micrograph showing the cross
section of a silicon ridge waveguide on top of a silicon oxide substrate. (Photo courtesy of
Nanophotonics Laboratory, University of Washington.) (b) A schematic illustrating the eva-
nescent field associated with the light mode traveling through a ridge waveguide.

www.EngineeringBooksPdf.com



54 Optical, Acoustic, Magnetic, and Mechanical Sensor Technologies

LABEL-FREE BIOSENSORS

As previously discussed, biosensors that do not require labeling of the target mole-
cules significantly increase the potential applications and the amount of informa-
tion that can be obtained. This facilitates quantitative real-time binding analysis of
native molecules for extracting kinetic binding parameters and makes it possible to
use unprocessed samples, thus enabling high information content POC and distrib-
uted devices. Instead of using a label, these biosensors rely on inherent properties
of the target such as impedance, mass, or RI to measure binding. Although the
focus of this chapter is silicon-based optical biosensors, we would be remiss not to
acknowledge the role of electrochemical and mechanical biosensors in label-free
sensing. These devices have shown potential for realizing fully integrated devices
and stand to benefit from some of the same fabrication and integration capabilities
provided by silicon.

ELECTROCHEMICAL BIOSENSORS

Generally speaking, electrochemical biosensors operate by detecting the change in
the resistance or capacitance on an electrical sensing component in response to the
formation of binding complexes or to environmental perturbations. The most preva-
lent and well-known examples of electrochemical biosensors are those used in the
majority of glucose monitors [62]. However, all of these devices, along with most
electrochemical biosensors for other applications, possess limited sensitivity and
require the use of an electroactive indicator to generate a detectable signal [62,63].
Nonetheless, electrochemical biosensors remain attractive because they can be mass
produced at low costs, they have low power requirements, and they can be scaled
down to allow miniaturization and multiplexing [64]. Given these benefits, there are
significant ongoing efforts to improve label-free electrochemical biosensors, through
the construction of more sensitive nanoscale devices based on nanowires, nanotubes,
and nanofibers [65—-67].

Electrical Impedance Spectroscopy with Microelectrodes

Electrical impedance spectroscopy (EIS), in the case of affinity biosensors, mea-
sures the change in the impedance of an electrical circuit due to the binding of ana-
lyte to a functionalized electrode. EIS is favored over voltammetry and amperometry
because the measurement technique is less damaging to the biofunctional capture
layer [64]. The electrodes used for EIS can be miniaturized and multiplexed, as
indeed they have been [68,69]. A significant advantage of microelectrodes is that, by
applying a current or voltage at the electrodes, one can create localized reaction
environments—this opens up the possibility of on-chip synthesis and functionaliza-
tion in a highly multiplexed fashion. A microelectrode microarray developed by
CombiMatrix Corp., now CustomArray, Inc., enabled electrochemically controlled
synthesis of unique peptides and sequences of DNA on individual electrodes [70].
The initial devices containing 1024 electrodes were then scaled up to contain 12,544
electrodes (Figure 3.2c—e), a device that the company has used to develop a com-
pletely automated, high-throughput assay to screen for and identify subtypes of
influenza A by way of genotyping [69]. In addition to directly synthesizing DNA
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probes on the electrodes, they could be used to polymerize pyrrole, which could then
be used to immobilize capture agents such as DNA and antibodies, the latter of
which was used to develop an assay for staphylococcal enterotoxin B [71,72]. Despite
these examples, with EIS sensing regimes, device performance is tied to the proper-
ties of the electrodes, and it remains unclear how binding can be quantified and how
miniaturization may alter the equivalent circuits used to describe binding [64].
Further, due to the lower sensitivity of label-free EIS, there exists a limit to how
small the electrodes can be before the surface area available for biomolecule func-
tionalization is too small to generate a detectable signal upon target binding.

Nanofield Effect Transistors

Nanoelectrochemical sensors primarily act as field effect transistors (FETs), a sensing
technique that is free from the size limitations discussed for the electrodes used for
EIS. In a standard transistor setup, a semiconducting material attaches a source and
drain electrode; a third electrode, known as a gate electrode, separated from the semi-
conductor by a thin dielectric, controls the conductance of the semiconductor by apply-
ing positive and negative voltages. In this manner, the gate electrode acts as a switch
for the current flowing from the source to the drain. In an FET-based biosensor, bio-
molecules take the place of the gate electrode, whereby the conductance of the semi-
conductor is altered by the binding of biomolecules (Figure 3.4). Thus, changes in
current between the source and the drain are correlated with binding events. Researchers
have investigated nanowires [73—77], nanofibers [78], and carbon nanotubes [74,79,80]
as semiconducting materials to use in nanoelectrochemical biosensors. A primary
motivation is the potential sensitivity of these materials to biomolecular binding
events—these one-dimensional materials have similar sizes to biomolecules, such that
extremely small amounts of bound analyte will significantly affect the electrical prop-
erties of the transistor. Investigators have demonstrated detection of proteins [74,75,79],
single viruses [73], and DNA with concentrations reported down into the picomolar
range [80] and even down to 10 fM [76,77]. The limited size of these sensors, coupled
with the pre-established microelectronics infrastructure, also make them good candi-
dates for multiplexing, and devices containing up to 200 sensors have been reported
[73,81]. Some hurdles remain before FET-based nanoelectrochemical biosensors can
be used as reliable research instruments, let alone as biosensors in a healthcare setting.
Despite the apparent potential to achieve highly multiplexed devices, there are no good
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FIGURE 3.4 A nano field effect transistor biosensor is shown schematically. The intrinsic
electrical properties of biomolecules that bind to the functionalized semiconducting material
(e.g., nanowire, carbon nanotube) changes its conductance and therefore influences the
amount of current that flows from the source to the drain.
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solutions for high-throughput fabrication. Carbon nanotubes must be synthesized off-
chip and then placed in position; nanowires, to their credit, can be patterned litho-
graphically [77,82] or grown on-chip [75,76], but they still suffer from fabrication
inconsistencies. Given their size and high sensitivities, heterogeneity between sensors
can result in altered performance and poor reproducibility. FET sensors are also ion-
sensitive, and ions in solution will act as a gating mechanism and dramatically reduce
sensitivity. This, along with the structural fragility of the FETs, limits the potential
samples and experimental setups that can be used. Lastly, the mechanisms by which
biomolecules influence electrical properties are not well understood, and different bio-
molecules alter the sensor response in ways that do not correlate predictably with the
size of the biomolecule or its concentration in solution.

MECHANICAL BIOSENSORS

Mechanical biosensors directly detect the change in mass on the sensor surface due
to the binding of biomolecules, viruses, or cells. Mechanical sensors represent the
most sensitive of sensing techniques, with noise floors and mass resolutions reported
as low as 20 and 7 zg, respectively [83]. Given their potential sensitivity, mechanical
biosensor research has largely been directed toward reaching very low detection
limits for applications such as rare analyte sensing and weighing individual viruses
and cells. Surface acoustic wave sensors, including the quartz crystal microbalance
(QCM) [84-86], utilize the sensitivity of piezoelectric crystal resonance to perturba-
tions in the surrounding environment. In QCM, the quartz surface is usually coated
with an anchoring layer to which biological receptors are immobilized. Electrodes
attached to the quartz apply an alternating voltage that elicits a resonant mechanical
oscillation. Tracking changes in the oscillatory frequency in response to binding at
the sensor surface produces the signal, with reported limits of detection (LOD) down
to 10 pg/mm? [61]. QCM biosensors have been used to detect binding interactions of
proteins [87], oligonucleotides [88,89], carbohydrates [90-92], lipids [93,94], viruses
[95,96], and cells [97,98]. A distinct advantage of QCM over both electrical and opti-
cal biosensors is the wide range of materials that can be deposited on top of the
quartz. Since the sensing mechanism does not rely on the transmission of an optical
signal or the propagation of light, QCM supports the study of interfacial interactions
using a wide variety of materials [84,99]. However, QCM is not without its limita-
tions. While QCM is amenable to performing binding experiments in a liquid envi-
ronment, sensitivity is reduced and it can be difficult to separate the effects of mass,
density, and viscosity in the QCM signal [100]. It is also difficult to fabricate dense
arrays of acoustic wave devices, although it has been demonstrated [101].

Microelectromechanical and Nanoelectromechanical Systems

Researchers have investigated microbiosensors and nanobiosensors using mechani-
cal transduction mechanisms in an effort to increase sensitivity and allow multiplex-
ing. These devices use standard photolithography techniques and are usually made
out of silicon or silicon nitride, allowing high densities of devices and the possibility
of integration with electronic components and flow cells. The majority of these
devices are based on analyte binding to functionalized cantilevers, which either
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changes the deflection of the cantilever (static devices) or its resonant frequency of
oscillation (dynamic devices). Static devices (Figure 3.5a) have the advantage of
being able to operate in both gas and liquid environments, but they have decreased
sensitivity because it requires the attachment of a near-monolayer of analyte to
deflect the cantilever [67]. Nevertheless, static cantilever devices have been shown to
detect single base-pair mismatches of 12-mer DNA strands and picomolar limits of
detection of oligonucleotides [102] and nanomolar concentrations for proteins
[102,103]. An impressive study also showed detection limits of PSA down to 0.2 ng/
mL (6 nM) in a background of both 1 mg/mL bovine and human serum albumin,
which matches detection limits of ELISA for PSA and is physiologically relevant
[104]. Dynamic devices (Figure 3.5b) have significantly higher potential sensitivities
and researchers have shown the ability to detect viruses [105] down to the single
virus [106-108], single cells [109,110], DNA with a single 1587-mer strand [111], and
PSA down to 10 pg/mL [112]. The Bashir group has also used their devices for
weighing single viruses [107] and cells [110]. As with QCM, an important drawback
of most dynamic mechanical biosensors is that their sensitivity is limited by the
dampening effects of liquid, so detection must be done in vacuum or air. However,
several recent papers have implemented nanofluidic channels fully confined within
the cantilevers (Figure 3.5¢) [113,114]. In this configuration the cantilevers are main-
tained in a vacuum and the channels within the cantilevers allow biological interac-
tions to occur in solution—not only are the interactions measured in a physiologic
(aqueous) environment, but they are detected in real time. Studies using these devices
have measured the changing masses of individual cells during growth [115,116],
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FIGURE 3.5 The two different modes of operation for microcantilever-based mechanical
biosensors are demonstrated schematically. In both cases, the cantilevers are functionalized
with the appropriate receptor or capture molecule. (a) Static microcantilever biosensors cor-
relate the deflection of the cantilever arm upon the binding of biomolecules. (b) Dynamic
microcantilever biosensors sense binding of biomolecules through changes in the oscillatory
frequency. The mass of bound material can be calculated because the deflection or the change
in the frequency (f) of oscillation can be related to the spring constant (K) and the effective
mass (m”) of the cantilever. (c) Since viscous damping of liquids leads to a dramatic decrease
in sensitivity for dynamic microcantilever biosensors, Burg et al. [113] have fabricated devices
that contain a nanofluidic channel inside of the cantilever arm. (With permission from
Macmillan Publishers Ltd., Nature, Burg, T.P. et al., Weighing of biomolecules, single cells
and single nanoparticles in fluid, 446(7139): 1066—1069, copyright 2007.)
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detected cancer biomarkers in serum down to 10 ng/mL [117], and immunoglobulin
G (IgG) protein below nanomolar concentrations [113].

OprTicAL BIOSENSORS

Optical biosensors are the most widely used label-free biosensing platforms to study
biomolecular interactions because of their relative ease of use, high sensitivity, and
the high information content of the data they generate. In 2008 alone, there were over
1400 articles published on optical biosensors [118]. Compared to many electrochem-
ical and mechanical platforms, optical biosensors are more flexible and easy to use
from an operational standpoint. Additionally, the sensitivity of optical biosensors is
not drastically reduced by physiological salinity or viscosity in the analyte buffer,
making them amenable to a wide range of samples. Label-free detection methods
using optical biosensors include RI detection, optical absorbance detection, and
Raman spectroscopic detection [119], with the most common form being RI detec-
tion. RI detection is based on the sensitivity of light to changes in RI; biomolecules
have a higher RI than buffer solutions (e.g., 1.45 for proteins versus 1.33 for water),
allowing their detection by monitoring the properties of the interacting light. A
number of Rl-based optical biosensors exist, including SPR, optical fibers, planar
waveguides, interferometers, photonic crystals, and resonant cavities.

SPR and SPRi

First reported in 1983 [120], biosensors based on SPR are among the most widely
used optical biosensors. As of 2008, a total of 24 manufacturers offered commercial
platforms, including instruments made by GE, Bio-Rad, Biosensing Instruments,
and Reichert [118]. SPR detection relies on the sensitivity of evanescent fields to
changes in the local RI of the dielectric. In most SPR instruments, the evanescent
field is associated with surface plasmon modes that are created from the coupling of
light with a metallic film, usually gold, via total internal reflection within a prism
(Figure 3.6). The conditions of total internal reflection (the wavelength of light and
the incident angle of light that couples with the metallic film) vary with the RI of the
dielectric above the metal film. A flow cell delivers biomolecules to the surface of the
metallic film, where binding of analyte to immobilized receptors causes changes in
the local RI. The instrument tracks these changes in real time and reports them as a
shift in resonant wavelength (angular SPR) or as changes in the intensity of reflected
light (SPRi). Traditional angular SPR has superior limits of detection compared to
SPRi—the RI detection limit for SPR typically ranges from 10~ to 10-® refractive
index units (RIU), whereas SPRi is usually in the range of 10 to 10°RIU [119,121]—
but SPR is only able to monitor binding in a single region at once for each light
source. SPRi, on the other hand, uses a CCD array to detect the intensity of reflected
light from the entire chip surface, allowing arrayed and simultaneous sensing of
multiple binding interactions. The number of interactions that can be monitored
simultaneously is limited only by the spatial resolution of the instrument (~4 \m)
[24] and the arraying density of functionalization, the latter of which has been widely
addressed by the microarray community. Realizing 100 interaction regions on a sin-
gle SPRi chip is common, with reports of systems that allow up to 10,000 spots [122].
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FIGURE 3.6 (a) In a surface plasmon resonance biosensor, the binding of biomolecules to
immobilized receptors changes the coupling properties (in this case, the coupling angle) of light
reflected off of a metallic film. (With permission from Macmillan Publishers Ltd., Nature
Reviews Drug Discovery, Cooper, M.A., Optical biosensors in drug discovery, 1(7): 515-528,
copyright 2002.) These coupling angle changes, documented over a given time period, generate
a sensorgram that describes the binding events. (b) The coupling properties of light are sensitive
to changes in refractive index within the surface plasmon wave that extends ~200 nm (inten-
sity = 1/e) from the metal—dielectric interface. The schematic includes immunoglobulin G anti-
bodies drawn to scale for perspective.

Given its high-throughput potential, SPRi appears to have significant potential as a
multiplexed POC device. Most studies using SPRi have used it for multiplexed inter-
action screening and characterization rather than for detection [123], favoring angu-
lar SPR for the higher sensitivity measurements. Several commercial instruments
exist, including the FlexChip from BIA-CORE [124,125], GWC’s SPRimager®Il
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[126,127], and Texas Instruments’ Spreeta system [128,129]. In addition to the
Spreeta instrument, other groups have developed portable SPRi systems that make
important in-roads to realizing POC applications [130—132]. Unlike the aforemen-
tioned multiplexed devices, SPRi benefits from the fact that different sensing areas
can be defined by the user based on the locations of the functionalized regions, and
the metal surface (usually gold) of SPRi sensor chips is relatively robust. This greatly
reduces the alignment difficulties that are encountered when attempting to function-
alize specific devices on multiplexed electrochemical and mechanical devices. As a
biosensing platform, SPR benefits from the extensive literature on the biofunctional-
ization of gold surfaces—one of the best understood surfaces for functionalization
and the standard for biological surface analysis [133]. Among the important proper-
ties are gold’s biocompatibility and its ability to bind strongly to thiol groups (at
near-covalent strength), which allows for facile tethering of biomolecules and non-
fouling self-assembled monolayers [134,135]. However, despite these advantages,
SPRi has yet to realize widespread use in the clinic or in POC settings.

As mentioned, the popularity of SPR is partly a result of the detailed binding
information that the technique can produce. Properly designed experiments can
yield both qualitative and quantitative information, such as the selectivity, the
strength, the kinetic binding parameters, and the thermodynamic parameters of a
binding interaction, as well as identify the active concentration of the target mole-
cule. However, emphasis must be placed on the careful design, execution, and analy-
sis of optical biosensing experiments if meaningful information is to be extracted.
An unfortunate reality of the widespread use of SPR, and optical biosensors more
generally, is that many investigators make incorrect conclusions from their data as a
result of poorly run experiments or faulty analyses. Rich and Myszka [118,136,137]
reviewed the optical biosensor literature every year from 1998 to 2008 and found
that a large majority contains major flaws in some aspect. These reviews are excel-
lent sources for understanding the proper utilization of optical biosensing technolo-
gies and they also communicate the wide range of applications of these instruments.

Grating-Based Sensors

Optical fibers and planar waveguides can both be incorporated into surface plasmon
wave (SPW) biosensors, and they operate similarly to SPR. In these cases, an optical
fiber or a waveguide acts in place of the prism to couple light with a metallic layer,
which generates the SPW and the corresponding evanescent wave that is used for
sensing RI changes in the dielectric. Alternatively, in non-SPW biosensing confor-
mations, optical fibers and planar waveguides often rely on coupling light with a
grating structure. A grating consists of a periodic physical perturbation on the sur-
face of the sensor; light couples into the grating at a specific angle and wavelength
that are determined by the effective RI (n,) of the fiber or waveguide and the grating
period. Binding of biomolecules changes n., enabling real-time detection. In the
case of fibers, the gratings are etched into the optical core or into the cladding imme-
diately surrounding the core, such that a biofunctionalized grating provides the sens-
ing region (Figure 3.7a). While these devices are more widely used for sensing load,
strain, temperature, and vibration [138], examples of their application for biosensing
include: the detection of DNA 20 base pairs in length down to 0.7 ug/mL using a
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FIGURE 3.7 Grating-based biosensors have been shown in a variety of conformations, two
of which are depicted here. (a) A Bragg grating is etched into the cladding of a D-shaped fiber.
(Smith, K.H. et al., Surface-relief fiber Bragg gratings for sensing applications. Applied
Optics, 2006, 45(8): 1669—1675. With permission of Optical Society of America.) (b) An opti-
cal waveguide light-mode spectroscopy biosensor changes the angle of the stage in response
to biomolecule binding to maintain coupling. These changes are recorded over time to gener-
ate the sensorgram.

device with an RI detection limit of 7 x 1076 RIU [139], real-time monitoring of anti-
body binding with a dynamic range from 2 to 100 pug/mL and antigen detection from
crude Escherichia coli lysate [140], and the detection of hemoglobin in sugar solu-
tions with an inferred sensitivity to a change in hemoglobin concentration of 0.005%
[141]. While fiber gratings are inexpensive and straightforward to manufacture, they
suffer from relatively poor sensitivities [119].

Grating-coupled planar waveguides are also easy and cheap to fabricate, as they
consist of a thin-film waveguide deposited on a glass support into which a grating can
be etched using photolithography or imprinting [142]. Optical waveguide light-mode
spectroscopy (OWLS) is one well-known implementation of this sensing modality;
these devices measure the change in the coupling angle due to changes in the RI on the
grating (Figure 3.7b). They have been used for biosensing applications including anti-
body capture of the herbicide trifluralin down to 100 ng/mL [143] and the detection of
mycotoxins down to 0.5 ng/mL [144]. OWLS has been more widely applied to studying
biomolecular adsorption kinetics and conformation on a variety of material surfaces
[145-147]. OWLS does not permit multiplexing capabilities, but a very similar tech-
nique that uses planar waveguide gratings known as wavelength-interrogated optical
sensors addresses this issue, and a device with 24 different sensing sites has been used
to simultaneously monitor four different classes of veterinary antibiotics in milk with a
detection limit ranging from 0.5 to 34 ng/mL, depending on the class of antibiotic [148].

Interferometric Sensors
Mach—-Zehnder Interferometers

In a Mach—Zehnder interferometer (MZI), a single frequency, coherent polarized
light source is split into two paths. The sample is placed in one of these paths where
light interactions with the sample cause a shift in the phase of the light, and the other
path acts as the reference. The light is then recombined and the phase shift caused by
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Sensing
arm

FIGURE 3.8 Schematic representation of a chip-based Mach—Zehnder interferometer
biosensor. Changes in the refractive index surrounding the sensing arm induce a phase
change, resulting in interference upon recombination with the reference arm.

the sample in the sensing arm leads to interference that can be detected by a change
in the light’s intensity. Although traditionally done in free space, MZIs can be fabri-
cated in a planar structure using waveguides to split and recombine the light; these
are called integrated MZIs. In such a setup, the sensing arm is functionalized and
binding of the sample changes the RI within the evanescent field of the waveguide,
thus modulating the phase of the propagating light and leading to interference upon
recombining with light from the reference arm (Figure 3.8). The first biosensing
demonstration of integrated MZIs detected human chorionic gonadotropin down to
50 pM using immobilized capture antibodies [149]. This device had an RI LOD of
5 % 10-° RIU, but improvements in MZI fabrication and analysis have led to demon-
strations of LODs down to 10”7 RIU [150], which is on par with most SPR instru-
ments. Other demonstrations of MZI biosensing include detection of IgG down to
1 ng/mL [151], and the ability to distinguish the wild-type DNA (58-mer) from a
mutated sequence down to 10 pM concentrations [152]. Very few reports of biosens-
ing with MZIs have emerged following the initial interest in the 1990s. This could be
due to difficulties in multiplexing and the requirement of a relatively long sensing
region to generate a detectable signal. Long sensing regions not only require a larger
footprint on the device, but they also work against sensitivity because of increased
loss. A more recent publication addressed both of these issues by demonstrating a
multiplexed device that used coiled waveguides as sensors [153]. The device had six
sensors, four of which were functionalized with two different antibodies (two sen-
sors for each antibody) and the remaining two were used as reference sensors. The
sensor response corresponded to a surface coverage of just 0.3 pg/mm?2. However, it
remains to be seen whether integrated MZIs for biosensing applications will have a
significant impact in biomedical research.

Young’s Interferometers

Young’s interferometer (YI) can be integrated onto a chip surface in much the same
way as MZIs and can be used for biosensing. Similar to MZIs, YIs split light from a
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single waveguide into multiple arms including one reference arm. However, instead
of recombining the light back into a single waveguide, a CCD is used to record the
interference fringes that result from the optical output (Figure 3.9), permitting mul-
tiplexed sensing with just one reference. An integrated Y1 for sensing was first dem-
onstrated in 1994 [154], and the technique has an established RI LOD of 10”7 RIU
[155]. YIs have been used subsequently in a number of proof-of-concept applica-
tions. For instance, a multiplexed device containing three sample arms and one refer-
ence arm enabled biosensing of herpes simplex virus type 1 (HSV-1) [156]. The
authors were able to detect as few as 10° HSV-1 particles in serum and 103 particles
in buffer, highlighting the potential for the device to be miniaturized and integrated
for POC applications [157]. Hoffman and colleagues [158] developed a planar wave-
guide YT that they used to determine the binding kinetics for protein G capture of
IgG and demonstrated its compatibility with biotin—streptavidin functionalization
techniques. The authors reported an RI LOD of 10 RIU that corresponds to a sur-
face coverage of just 13 fg/mm?, one of the lowest reported values of any optical
biosensor. However, it should be noted that, while there have been a number of
reports demonstrating MZI and YI multiplexed sensing, interferometric biosensing
has not proven to be readily amenable to high-throughput multiplexing due to the
large sensing regions required and because the complexity of analysis increases
significantly with each additional sensing arm.

Analyte

FIGURE 3.9 Schematic representation of a multiplexed integrated Young’s interferometer.
Antibodies with different specificities are functionalized on the waveguide arms such that
specific recognition and binding of analyte alters the local refractive index, leading to changes
in the interference pattern detected by the CCD camera . (Ymeti, A. et al., Fast, ultrasensitive
virus detection using a Young interferometer sensor. Nano Letters, 2007, 7(2): 394-397. With
permission of Optical Society of America.)
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Resonant Cavity Sensors

Resonant cavities represent one of the most rapidly expanding and promising label-free
optical biosensing techniques, due largely to their high sensitivity and their potential to
be integrated into multiplexed chip-based devices. In resonant cavity sensors, which
include microspheres (Figure 3.10a), microtoroids (Figure 3.10b), microrings (Figure
3.2a and b), and microcapillaries, light is coupled into an optical cavity where certain
wavelengths are confined; this confinement generates a narrow dip in the transmission
spectrum. The wavelengths of light that travel around the outside of the cavity and
return in phase are the resonant wavelengths and can be described by the equation A =
2mrng/m, where A is the wavelength of light, r is the radius of the cavity, n is the
effective RI of the waveguide mode, and m is an integer. A fiber or integrated bus
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FIGURE 3.10 Resonant cavity biosensors confine the wavelengths of light which, after cir-
cumnavigating the cavity, constructively interfere with itself. Biosensing is possible because
the resonant frequency is sensitive to perturbations in the surrounding RI. Examples include
(a) silica microspheres (From Vollmer, F. et al., Biophysical Journal, 2003, 85(3): 1974—1979.
With permission from the Biophysical Society) and (b) silica microtoroids fabricated on a sili-
con support. (With permission from Macmillan Publishers Ltd., Nature, Vahala, K.J., Optical
microcavities, 424(6950): 839-846, copyright 2003.)
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waveguide in close proximity to the resonant cavity delivers light to the cavity for cou-
pling and away from the cavity so that the transmission spectrum can be tracked.
Resonant wavelengths appear as dips in the transmission spectrum because the reso-
nant condition extracts power from the light in the fiber/waveguide that reaches the
detector [159,160]. The dependence of the resonant wavelength on n. is due to the
evanescent field that extends and decays exponentially away from the surface of the
cavity, and, like the other optical biosensors discussed in this chapter, it is this relation-
ship that creates the sensing mechanism. By changing n_, biomolecules binding to the
resonant cavity shift the resonant wavelengths supported by the structure. In contrast
to the other evanescent sensing techniques already described (SPR, grating-coupled
devices, and interferometers), where each photon only interacts with the biomolecules
one time, a photon coupled into a resonant cavity interacts with biomolecules each time
it travels around the cavity, which can reach into the thousands for some resonant cavi-
ties [160]. This feature bestows high sensitivities to small devices, which is not possible
with other optical biosensors (e.g., interferometric sensors). The number of revolutions
a photon makes around a resonant cavity before dissipating is related to the quality
factor (Q) of the resonator and determines the sensitivity of the device [160]. Q is deter-
mined by the full-width at half-maximum (3A,) of the resonant dip at the resonant
wavelength (A,), according to the equation Q = A,/O\,. Thus, a higher Q corresponds to
a more narrow dip in the transmission spectrum which facilitates sensitive tracking of
the resonant wavelength. Demonstrations of optical cavities implemented as biosensors
include microspheres, microcapillaries, and microfabricated chip-based structures
such as microtoroids and microrings.

Microspheres and Microtoroids

Microspheres exhibit Q factors over 10 and they have had RI LODs reported as low
as 107 RIU [161,162] Resonant cavity microspheres are generally constructed by
melting the tip of an optical fiber or a glass rod [119], which must then be brought
into close proximity to and aligned with a tapered fiber. Demonstrations of resonant
microsphere biosensors include the detection of protease activity with an LOD of
trypsin at 10~ units/mL [163], detection and mass determination of single influenza
A virus particles [160], and the detection of single nucleotide mismatch of DNA with
an LOD of 6 pg/mm? [164]. The device used for DNA detection used two micro-
spheres of different sizes brought into proximity of a single tapered fiber. Because of
their different size, each microsphere had a unique resonant wavelength and they
could be interrogated simultaneously. Despite this proof-of-concept multiplexed
device, microsphere-based resonant cavity biosensors are resistant to large-scale
multiplexing because of the sensitive alignment required between the microspheres
and the tapered fiber and because they are incompatible with planar fabrication tech-
niques [25]. Armani et al. [165] developed microtoroid resonant cavities with
extremely high Q (>108) which were fabricated using planar lithography. The authors
report remarkable single-molecule label-free detection of interleukin-2 (IL-2) via
capture by immobilized IL-2 antibody in 10-fold diluted fetal bovine serum [165].
This, while impressive, also raises a number of questions related to the reported
sensing mechanism [166] and the observed mass transport [167], suggesting that we
still have much to learn about ultrasensitive optical biosensing. Armani et al.’s [165]
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results have set a high standard for optical sensing, but they do not address our need
for high-throughput multiplexed sensing. While the microtoroids were fabricated
on-chip using photolithography, the technique requires alignment of a tapered opti-
cal fiber waveguide for coupling. Further, the inherent fragility of both microsphere
and microtoroid systems make them sensitive to flow, particularly with viscous fluids,
such as blood plasma.

Microrings

Planar microrings have arguably become the most popular form of resonant cavity
biosensors, owing to their small size, high sensitivity, ease of manufacture, and mul-
tiplexing potential. Ring size can vary, but nearly all are on the order of tens of
microns in diameter, which is favorable as compared to interferometric devices that
require sensing lengths on the order of a centimeter [61]. Microring resonators do not
have a decreased sensitivity on account of their small size because of the increased
light interaction imparted by the resonance, as previously discussed. They do have a
lower Q (10*—4 x 10%) and slightly higher (worse) reported RT LODs (10°-107 RIU)
[31,168,169] than microspheres and microtoroids, but their simple and scalable fabri-
cation, multiplexing capability, and potential for integration with other components
make them attractive for biosensing applications. Microring resonators can be fabri-
cated using standard silicon wafer processes, enabling passive alignment of multiple
microrings with on-chip bus waveguides, which is a significant advantage over the
microsphere and microtoroid devices. While they are almost universally fabricated
on a silicon substrate, the waveguides and rings can be made out of polymers
[169,170], silicon oxide [171,172], silicon nitride [168,173,174], and SOI [175-177].
Sensitive multiplexed detection and binding assays using microring resonators are
demonstrative of the advantages of this biosensing platform. Using a device contain-
ing five independent microrings, Ramachandran et al. [172] showed specific binding
of E. coli O157:H7 to microrings functionalized with antibodies, detection of com-
plementary DNA probes, and quantitative detection of IgG [172]. Although not
unique to this device, three disadvantages become apparent: (1) relatively low acqui-
sition rates, (2) the lack of integrated fluidics, and (3) a paucity of high-throughput
functionalization techniques. In the device reported by Ramachandran et al. [172],
the scan rate was 15 s per microring, limiting measurement frequency to 75 s per
device, if all rings were interrogated. Faster scan rates are required to extract binding
kinetics and for truly high-throughput multiplexed measurements. An instrument
containing integrated fluidics and peripheral instrumentation for using disposable
chips was reported by Carlborg et al. [168]. Device characterization showed an RI
LOD of 5 x 10-° RIU and a mass density detection limit of 0.9 pg/mm?. The authors
have since published on characterization of the temperature sensitivity of this device
[178], but they have yet to report on its implementation in a biosensing experiment.
Another instrument used extensively by ourselves and the Bailey group at the
University of Illinois Urbana Champagne directly addresses the issues of scanning
speed and fluidic integration, and both of our groups have devised improved tech-
niques for differential functionalization of the microrings [179,180]. The platform
has a detachable microfluidic chamber and uses high-speed scanning instrumenta-
tion that interrogates all 32 rings on the device in fewer than 10 s [31]. Bailey’s group
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has reported on detection of carcinoembryonic antigen in undiluted serum down to
2 ng/mL [177], detection of Jurkat T lymphocyte secretions of IL-2 and IL-8 [181],
detection of multiple micro RNAs with the ability to distinguish between single
nucleotide polymorphisms [182], and quantitative detection of five protein biomark-
ers in mixed samples [183]. This group also did a thorough theoretical and empirical
analysis to characterize the mass sensitivity and the evanescent sensing field of the
microrings, finding a mass sensitivity of 1.5 pg/mm? and a l/e evanescent decay
distance of 63 nm [60]. Such characterization is rare within the field of biosensors,
yet this information is critical for experimental design and interpretation of results.
For multiplexing functionalization, Washburn et al. [183] have used a six-channel
microfluidic device to differentially functionalize groups of microrings. Using the
same microring-based biosensor, our group has implemented a piezoelectric spotter
to differentially functionalize microrings on multiple chips in a single run, thus dem-
onstrating a rapid and scalable approach [180]. An alternative method for addressing
the issue of the scan speed mentioned earlier was demonstrated by Xu et al. [175].
Instead of increasing the scan speed, the investigators used a single waveguide to
interrogate five rings with different radii. Since rings of varying diameter support
resonances of different wavelengths, Xu et al. [175] were able distinguish shifts in
the resonant frequency due to binding of species-specific IgG capture on each
microring. In addition to demonstrating specific and simultaneous detection of two
different IgG antibodies, the researchers deduced an impressive mass density sensi-
tivity of 0.3 pg/mm?. It is clear that devices implementing microring resonators have
made significant advances toward realizing applications beyond the laboratory bench
and into the clinic. The combination of high sensitivities, ease of manufacture, mul-
tiplexibility, and potential for integration has positioned the microring resonator-
based device as one of the most promising optical sensing technologies to emerge
from the biosensing community.

OUTLOOK AND CONCLUSIONS

Frustratingly, biosensor technology remains largely confined to the research setting,
and very few technologies have made it to the clinic, to the general public, or to the
POC setting—where the need is great. In a survey of the biosensing literature, and
even within this chapter, it becomes apparent that this is not for want of new sensing
techniques or increased sensitivity. Instead, the biosensing community continues to
produce new devices with new or improved approaches for accomplishing similar
goals. All too often, promising new technologies are falling short of the goal of mak-
ing an impact in healthcare, drug discovery, environmental monitoring, defense, and
so on. Clearly, increased attention needs to be directed toward realizing impactful
applications of the technology.

Fully integrated devices open up many possibilities for real-world applications,
but in order to gain traction and establish biosensors as an effective tool, research
must focus on a few strategic areas where biosensors can make the most immediate
and meaningful impact. More focused, application-driven, and collaborative research
and development efforts would increase the likelihood of overcoming the hurdles
that are currently preventing biosensors from being implemented in POC settings.
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For instance, targeting specific applications that demonstrate the most need will
attract the funding that will be needed to fully develop the biosensor and get it
through clinical trials. Simply put, technology is no longer the limiting factor to
more fully incorporating biosensors into healthcare—increasingly, it has become a
problem of systems integration and design of application-centric biosensors.

Over the past several decades, significant effort has been invested with the aim
of developing sensing technologies that will impact the practice of biomedical
research and healthcare. This investment has yielded a plethora of sensing technolo-
gies built upon a host of sensing modalities (i.e., electrochemical, mechanical, opti-
cal, etc.). Ultimately, there is no one-size-fits-all solution for biosensing, and, in this
chapter, we have argued for a few important design considerations for developing
application-based sensors. (1) A biosensor should be sensitive and selective for the
intended analyte(s) within complex samples, such as saliva, blood, or urine. (2)
Label-free detection can decrease assay time, costs, and complexity, and is gener-
ally more flexible than its label-based counterpart. (3) Multiplexing confers
enhanced reliability by allowing in-line controls and increased assay information
density, thereby reducing costs associated with multiple tests. Finally, (4) a fully
integrated platform, including peripheral instrumentation (e.g., a light source, a
detector, and a microprocessor) and sample handling capabilities (e.g., pumps,
microfluidic channels) in addition to the sensor, is essential for these devices to
expand beyond the laboratory and to the POC.

Silicon photonic optical biosensors are the most promising candidate technology
with the potential to integrate all of these design features. As an optical biosensing
technique, these devices are label-free because they rely on the inherent refractive
indices of the analyte to generate the signal. Their limited size and high sensitivity
will enable massively parallelized multiplexed sensing using wafer-scale process-
ing, dramatically reducing the cost and complexity of fabricating thousands of
devices onto a single chip. In addition, by leveraging microelectronic fabrication
techniques, silicon photonic biosensors can be integrated with planar on-chip light
sources, detectors, and microprocessors. Microfluidics, including pumps, sample
preparation strategies, and optical components, can be readily incorporated onto
these planar features. Ultimately, the barriers to achieving a fully integrated biosen-
sor using silicon photonics appear to be lower than they are for other sensing
modalities.
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INTRODUCTION

The interior of an explosion is one of the harshest environments on earth. The violent
chemical reactions and rapid changes in pressure and temperature make sensing with
conventional electronics virtually impossible. One can obtain significant informa-
tion using remote optical techniques, and indeed the spectroscopy of explosions is a
major field of research [1,2]; however, the presence of debris or opaque chemical
reactions can make the fireball impossible to probe, even with the most advanced
equipment. In this chapter, we describe temperature and thermal history sensors
based on microparticle or nanoparticle luminescence. These particles are embedded
in explosive material and disperse with it but are undamaged by the explosion since
they have no mechanical or electronic “parts.” The luminescence of the particles
can be examined in the debris or measured in a laboratory and can ascertain the
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distribution of temperatures seen in the periphery of an explosive fireball. This
method is currently under development at the University of Minnesota and Oklahoma
State University and shows good promise as a thermal diagnostic where common
sensing methods fail.

Any sensor that is placed inside a fire or explosion will be subject to conditions so
violent that they are likely to destroy any mechanical components or conventional
electronics. A sensor that could work within these limitations is a block of material
with some nonvolatile, temperature-dependent property. Many oxides, fluorides, and
other materials have embedded traps with a distribution of trap energies. If the mate-
rial has traps filled with electrons or holes that are significantly deeper than an elec-
tron volt, the traps will usually be stable under normal conditions over many years or
even centuries. High temperatures can excite and empty these traps, a process that is
described more fully in the next section. Generally, higher temperatures empty deeper
traps. The thermoluminescence (TL) of these particles is an indication of trap popula-
tion, and thus gives one insight into the thermal history of the particle. These particles
could be placed near explosive material or embedded within it and could thus probe
temperature distributions around the explosive area, or post detonation environment,
without fear of sensor damage. Since the particles can be developed with a variety of
sizes and shapes they can mimic the aerodynamic behavior of components of an
explosive (e.g., metal nanoparticles) or its target (e.g., a bioweapon containing viruses
or bacteria). Figure 4.1 shows a conceptual diagram of how such a process might
work. A group of particles, numbering in the thousands to millions, is exposed to
deep ultraviolet (UV) light or some other ionizing radiation source to fill the particle
traps. After this, the particles are embedded in a flammable or explosive material (or
placed around it) so that they will be dispersed throughout during the reaction. Finally,
the debris or ashes are examined in the field using a handheld luminescence reader or
taken to a laboratory to assess the temperature and/or thermal history distribution.

This approach has several advantages:

1. The particles themselves have no parts that can be damaged by a fire or
explosion; they are merely doped glasses, crystals, or other materials
that can withstand harsh environments and procedures.

2. The materials are usually very cheap, and millions of particles can be
fabricated using existing processes.

3. The particles can be micromachined to take on just about any shape or
size, and thus will have essentially identical aerodynamics and thermal
experience to any nanoparticles used in the explosion itself.

4. Fluctuations in the thermal history can be seen from the differences in
luminescence from region to region or even particle to particle.

5. Luminescence data are exponentially weighted toward the highest tem-
peratures experienced, which are the most critical in understanding
postdetonation effects.

6. Extreme thermal profiles can be simulated using micromachined heaters
that increase temperature to hundreds of degrees and cool on timescales
on the order of a millisecond, or longer if desired. This also allows one
to isolate temperature effects from pressure effects.
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FIGURE 4.1 Conceptual diagram of measuring thermal history using microparticles.
Initially, the traps inside thermoluminescent particles are filled using ionizing radiation. The
particles are embedded in an explosive, which detonates and empties the shallower traps. By
examining the luminescence, one can determine the trap population distribution and there-
fore the temperature-time relationship of the explosive event.

TL AS A THERMOMETER

A luminescent material is one that emits light in response to some external stimulus
such as heat or optical pumping. Many applications of luminescent materials depend
on the presence of very long-lived deep traps that can store charge for years or even
millennia, as shown in Figure 4.2. Perhaps the most widely known application of this
type is radiation dosimetry, where luminescent particles are embedded in an identi-
fication badge or other object. If this object is exposed to ionizing radiation, then elec-
trons from the valence band are excited into the conduction band and the resulting
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FIGURE 4.2 Trap population versus time for a simple cluster of traps at room temperature
for a variety of trap energies and frequency factors. Deep traps can remain filled for thou-
sands of years and thermoluminescent dating is commonly used in archaeology, albeit for
time periods less than that since the Age of Dinosaurs.
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electrons or holes can fall into traps within the gap. These trapped charges can be
released upon stimulation by heat in TL or by light in optically stimulated lumines-
cence (OSL), after which they recombine and emit light. The number of filled traps
is, for many materials, directly proportional to the dose of ionizing radiation received;
therefore, the amount of light emitted upon heating or optical excitation is a direct
indication of the amount of radiation to which the object has been exposed.

The difference in using luminescent materials for dosimetry and temperature
sensing is that in radiation dosimetry one is interested in how the trapping states are
filled by exposure to radiation, whereas in temperature sensing one is interested in
how the trapping states are emptied by a certain temperature profile. Therefore, for
temperature sensing the trapping states need to be filled prior to use of the materials
as a temperature sensor. This can be easily accomplished using ionizing radiation or,
more conveniently for some materials, deep UV light.

BAsics oF TRAP LUMINESCENCE

The simplest model of the population statistics of a trap is governed by an Arrhenius-
type equation. Assuming first-order kinetics [3], the probability per unit time of an
electron being released from an electron trap via thermal energy is

E,
p=s e"p(‘kT) @1

where p is the probability of emission in s, E, is the depth of the trap below the
conduction band (or above the valence band), k is Boltzmann’s constant, 7 is the
temperature, and s is a frequency factor that can be roughly understood to be related
to the thermal phonon interactions that an electron undergoes with the surrounding
lattice. The parameter s often has a value between 10'2 and 10" s7!, but in the litera-
ture, the parameter is frequently used for curve-fitting and highly nonphysical val-
ues of s can be reported. This does not mean the values are wrong; it just indicates
that the simple equation above is insufficient to describe the complexity of most
traps. Traps may interact with one another, requiring a kinetic model that includes
multiparticle interactions. Traps may also have tunneling-assisted transitions with
surface or boundary states that require explicitly quantum mechanical treatments.
Finally, defects in many materials have behaviors yet to be fully explained. So while
the simple Arrhenius expression is very useful for understanding concepts and
developing simple models, we should recognize that it rigorously applies to only a
very limited number of traps and materials. A discussion on more complex models
is beyond the scope of this review but is covered in other excellent texts [3-5].

The energy of the trap can be understood using a bandgap model for the charge
carrier states of the solid, as shown in Figure 4.3. A valence band filled with elec-
trons is separated from an empty conduction band by an energy gap of several elec-
tron volts. The size of the gap for the thermoluminescent materials under discussion
is large enough that the number of thermally excited valence electrons that reach the
conduction band is effectively zero. However, there can be a number of traps distrib-
uted throughout the bandgap. These traps are not necessarily isolated levels but
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FIGURE 4.3 Bandgap model of charge traps. An electron (or hole) is excited to the conduc-
tion (valence) band where it travels until recombining at a luminescence center, emitting a
photon.

generally have a density of states that clusters at one or more energies. Some materi-
als, such as carbon-doped aluminum oxide (Al,05:C), have a single dominant trap
cluster while others, such as LiF:Mg,Ti, have a number of trap clusters that contribute
to the luminescence.

It is not enough for a material to have traps—it must also luminesce. Visible
radiation from nonvolatile traps usually does not arise from direct transitions from
conduction band to valence band (which would be deep in the UV) but rather through
a luminescence defect in the material. This is typically an impurity such as Cr",
Eu?, or Tb* or a vacancy in the lattice that attracts and recombines oppositely
charged carriers, emitting a photon of characteristic energy. The terms “F-center” or
“color center” are often used to describe luminescence centers that derive from
vacancies in a crystal lattice [3]. The recombination process can create an excited
luminescence center that relaxes to the ground state by photon emission.

In TL, the trap characteristics are obtained from a plot of emitted light intensity
versus temperature. The temperature is usually ramped linearly with time, say at a
heating rate of 1°C/s, but there are certain applications where other profiles such as
short thermal [6] or laser [7] pulses are used. The resultant TL glow curve usually
has one or more peaks, each corresponding to a different trap distribution. An
example with a single peak is shown in Figure 4.4. These trap distributions can be
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FIGURE 4.4 Heating profile (a) and thermoluminescent glow curve (b) of a material with a
classic single trap system.
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assigned an activation energy E, and a frequency factor s as described above. To
measure temperature, one fills the traps using ionizing radiation prior to measure-
ment. In most applications, from radiation dosimetry to archeological dating, one
fills the traps using radioactive decay from gamma or beta sources, since radiation
dose is the parameter to be measured or calibrated against. However, deep UV light
will also work with many materials such as Al,05:C and Mg,Si0,:Tb,Co. This may
seem to be somewhat of a contradiction since it is well known that daylight, which
contains UV light, removes carriers from certain types of traps, and the last expo-
sure to daylight is considered the “zeroing” point from which a date is reckoned in
archeological TL. The difference involves the wavelength of the UV light. If a pho-
ton is extremely energetic, it will be able to excite an electron from the valence band
all the way to the conduction band, giving the conduction band a very large number
of carriers. Excited carriers then fall into the traps, filling them. Shallow UV pho-
tons will be unable to bridge the bandgap in TL materials. Occasionally, there are
other absorptions, such as the F-center absorption of Al,O05:C at 205 nm [8], that
also fill the traps effectively. In both cases, however, near-UV and visible photons
will empty the traps.

In addition to TL, there are other methods to probe the trap characteristics of a
particle. Two of these are OSL and electron spin resonance (ESR). In OSL, the fore-
most information is the intensity versus time curve, obtained as the sample is illumi-
nated with light of constant wavelength. The total light emitted is proportional to the
trapped charge population. Therefore, OSL is an alternative way to probe trap popu-
lation that does not involve heating in the measurement process. Provided this differ-
ence is understood, the concept of using OSL for temperature sensing is similar to
the case of TL. Due to the all-optical nature of the OSL process, one has some flex-
ibility in choosing how the stimulation is performed in terms of intensity and wave-
length. Most OSL systems are designed to stimulate one particular trapping level;
therefore, the light stimulation spectrum is fixed at an appropriate wavelength.
Systems capable of wavelength scanning are used to measure the stimulation spec-
trum and determine the optical depth of the trapping levels [6,7]. For the application
being proposed here, one wants to obtain the relative populations of traps. Therefore,
one of the best ways to extract this information is to use OSL measurements in series
at different wavelengths, starting with low-energy photons and scanning to higher
energies. This way, traps will be probed sequentially in order of optical depth. If the
optical depth in the particular material is proportional to the thermal depth (activa-
tion energy E,), successive measurements would give information on progressively
deeper traps.

OSL, however, has an important flaw that makes it less desirable than TL for
temperature measurement: inherent light sensitivity. Many or most traps will empty
in response to visible or near-UV light, which is a process called “photobleaching.”
All particles in an explosion are exposed to some amount of UV light due to the
extreme combustion. After the explosion or during/after a fire, they are exposed to
daylight or other visible and UV light. The traps probed by OSL are, by their nature,
light-sensitive and so loss of data will occur unless strict precautions are taken, such
as coating the particles with an opaque material prior to use. Such a coating would
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have to be removed before analysis, making the entire process more difficult. Most
TL materials utilize traps that are light sensitive, but many, such as LiF:Mg,Ti, do
not, so a proper choice of TL materials with traps that are not light sensitive or only
weakly sensitive can eliminate this issue.

ESR is another technique that can be used to probe trap characteristics, where a
magnetic field is applied across a system and the microwave absorption between
magnetic sublevels of unpaired electrons is measured. ESR requires highly special-
ized equipment for analysis and is therefore less suitable for a rapid diagnostic, so it
is not treated further in this review.

TL rFor TEMPERATURE AND THERMAL HISTORY MEASUREMENT

The use of mineral or ceramic luminescence to determine temperature has been
utilized previously in space sciences and archeology but not extensively because of
complications in assessing initial (prior to the thermal event) trap populations
among other issues. In the early 1980s [3,9-11], there was interest in determining
the former orbital characteristics of meteorites that had fallen on the earth. One way
to determine this was to look at the TL of mineral particles within the meteorite.
Since the TL would be characteristic of the highest temperature commonly reached
by the meteorite while it was in orbit, it was assumed that the luminescence would
indicate, via the temperature, the approximate distance of the perihelion of its orbit
around the sun. This particular application was much more complex in many ways
than what is proposed here because one must measure temperature during entry
into the earth’s atmosphere, determine cosmic ray exposure that would give a
steady-state trap population, and predict the albedo (reflectivity) of the overall
meteor. Despite this, the spread in the perihelia of known meteorite sources could
be roughly correlated to the spread in TL measurements [11]. Trap luminescence
has also been used to obtain information about the firing temperatures of pottery
[12]. However, in this case, it is not the change in trap population that is measured,
but rather how the firing temperature changes the sensitivity of the materials to
radiation dose.

While, in theory, it is possible to obtain temperature measurements in rapid events
using only the absolute intensity of the luminescence (as used in radiation dosimetry,
archeological dating, and the meteorite temperature measurements just described),
in reality, the complexity of the combustion environment makes this extremely dif-
ficult. For example, temperature-sensing particles will be mixed in with debris and
soot; therefore, the signal will be attenuated to an unknown and uncontrollable
extent. A better method of temperature measurement relies on examining the ratios
of the intensities of two or more peaks. The population of the traps corresponding to
a lower-temperature peak will empty at lower temperatures than those correspond-
ing to a higher-temperature peak. Since the higher-temperature peak can be used as
a relative reference, the ratios of the intensities of the two peaks will be a more reli-
able indicator of temperature than the intensity of just one.

In order to understand the details of obtaining a thermal history from TL, we
must develop an expression for trap population as a function of temperature, where
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temperature can vary with time. Consider a TL particle with a single peak that
undergoes a rapid heating followed by a (relatively) slow cooling:
Rapid Heating:

T(t) = Bexpl T+ T;nit (42)
Slow Cooling:
T(t) = Tmax e_t/T + 7-;nit (4.3)

where B, is the (very large) slope of the temperature versus time curve during heat-
ing, T,,; is the ambient temperature before the explosion, T, is the peak temperature
to which the particle is exposed, T is a cooling time constant,  is the time in seconds,
and T is the temperature of the particle at a time ¢. A graph of this heating profile is
shown in Figure 4.5.

The population of a specific set of traps can be derived by multiplying the prob-
ability that a trap is filled (Equation 4.1) by the number of traps in that group and
taking the derivative. At this point, the temperature is a single number. If we wish to
analyze trap population as a function of time, the temperature must become a func-

tion of time and then the entire expression must be integrated:

dn_ -p-n= —nsei%”” “4.4)
dr
Pt
n(t) = n, exp —J. se /K@ dr @.5)
0

where n is the trap population at time #, n, is the initial trap population before the
event, and p is the probability of a single trap state being filled as described in
Equation 4.1.
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FIGURE 4.5 Temperature profile used to simulate an explosion. There is an extremely fast
initial rise (usually considered to be instantaneous) followed by slow asymptotic cooling.
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FIGURE 4.6 Trap population ratio as a function of cooling time for a variety of maximum
temperatures. Note the cooling time only has a large impact once the temperature has reached
a high value.

Now, consider two sets of traps whose energies E,, and E,, cluster about 1.277 and
1.30 eV, respectively. For simplicity, we will assume that the frequency factor, s, of
both traps is the same at s = 10" s7!. If we make a plot of the population ratio, n,/n,,
as a function of cooling time for a variety of maximum temperatures, we will obtain
Figure 4.6. (Note that the cooling time is related to the thermal time constant, T
defined earlier.) Here we can see that even small changes in maximum temperature
can have a dramatic effect on the populations of two sets of traps, even when those
trap sets are separated by only relatively small energies. On the other hand, Figure 4.7
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FIGURE 4.7 Trap population ratio versus maximum heating temperature for a variety of cool-
ing times. The transitions from high ratio to low ratio all cluster near similar temperatures.
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shows a plot of n,/n, as a function of 7, for a variety of cooling times. The cooling
time is much less important in making quantitative changes to the population ratio.
This can be understood to be a result of the exponential dependence on temperature
of the detrapping probability rate of Equation 4.1. A maximum temperature increase,
even if held for a small period of time, is more effective at causing carriers to escape
traps than long periods of exposure to lower temperatures. It is a valid question to ask
whether the heating rate plays a large role in the trap population ratios. The answer
depends on the speed of the heating. In the simulations leading to Figures 4.6 and 4.7,
we have assumed a more or less infinitely fast heating rate. As long as the heating
taking place over time scales much shorter than the cooling, we may neglect the
effect of B, on the population profile. However, if the cooling and heating times
become comparable, then both must be included. Attempts to extract both tempera-
ture and cooling times will be discussed in more detail in Section “Thermal History
Modeling and Reconstruction.”

Now that we have established that the population ratio of two traps is intimately
related to the thermal history to which the traps have been exposed, it is useful to
examine how the luminescence might indicate these ratios. Ideally, a TL curve will
show multiple peaks that are spaced far enough apart that their populations can be
individually determined without reference to any others. However, if two traps are
extremely close together in energy, such as the traps described in Figures 4.6 and 4.7,
the TL from each trap will overlap and be difficult to separate, even if there are sig-
nificant population differences between the two. This phenomenon is shown in
Figure 4.8, where a trap with E,; = 1.4 eV and s, = 2 x 102 s7! is plotted with another
trap with s, =1 x 10" s where E,, changes from 1.3 to 1.7 eV in steps of 0.1 eV.

Intensity (arbitrary units)

LA

Temperature (repeats for display)

FIGURE 4.8 Overlapping thermoluminescent glow curves as the energy between two traps
is changed. The parameters of the highest peak trap are E; = 1.4 eV and s, = 2 x 10'? s¥! while
the parameters of the variable trap are s, =1 X 10"* s*! and E,, changes from 1.3 to 1.7 ¢V in
steps of 0.1 eV.
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(The populations of both traps are identical; it is the variation in s that causes the
difference in height.) The top curve is the sum of the two luminescences, which is
what would be measured by a detector. It can be seen that an easy distinction between
the two really only occurs at E,, = 1.3 and 1.7 eV. This does not mean that we cannot
use the information in the merged TL curve, but it does mean that our model does
more than just measure peak heights (see the Section on “Thermal History Modeling
and Reconstruction”).

So far, we have considered that we are using a single type of particle, even if there
may be millions of them in a fire or explosion. It is theoretically possible to enhance
the amount of information that we can extract from the luminescence using multiple
types of particles. Perhaps the most attractive feature is that each type of particle
could have traps that luminesce at different wavelengths from other types of parti-
cles. Many, but not all, TL materials have fixed emission characteristics, even if they
have multiple trap populations. The reason for this is that the luminescence center is
often a completely separate entity from the trap itself. Carriers are excited from traps
to the conduction band and from there the carriers travel to recombine at the lumi-
nescence center. This means that within a single particle, one cannot count on being
able to distinguish traps by wavelength, but with multiple particles, where there are
different luminescence centers with different emission wavelengths, this should be
possible. However, one must be aware that the spectral width of the luminescence
can be very large. For example, Al,O;:C has a peak emission near 420 nm with a
spectral width of over 100 nm [13]. The emission of LiF:Mg,Ti [14] has peaks that
overlap with Al,0,:C, and so it would not be straightforward to use emission wave-
length selectivity to distinguish the luminescence of particles of these two materials.
On the other hand, there are materials, such as MgO:Tm,Li and MgO:Eu,Li that
have relatively narrow emission spectra [15], such that wavelength selectivity among
multiple particles would be viable.

MICROHEATERS

Obviously, developing TL temperature measurements will be easier if one does not
have to use large-scale explosions just to obtain a data point, particularly in a univer-
sity environment. In order to eliminate the need to explode particles, we perform
much of our thermoluminescent testing on micromachined heaters. The heating ele-
ment of a traditional TL measurement is usually a hotplate or planchet heater, in
which a sample-bearing platform is heated by an electrical current passing through
a resistive element [16]. While these conventional devices serve their purpose well
enough for TL dosimeters and the like, their size and thermal mass make them pon-
derous to heat and cool, vulnerable to contamination, power-hungry, and difficult to
control.

Many of these problems can be solved by shrinking the heating element into the
micro regime. Using very-large-scale integration microfabrication techniques, semi-
conductor materials can be patterned into heating elements with dimensions of tens of
microns. Examples are shown in Figure 4.9. At these scales, the thermal mass of a
heater is so small that temperature excursions of many hundreds of degrees can be
made on timescales of milliseconds. It should be explicitly noted that an arbitrary
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FIGURE 4.9 Scanning electron microscope images of microheaters used in luminescent
particle studies.

temperature waveform can be simulated with a microheater. It is extremely easy,
using a pulse generator or other high-speed current source, to drive the heater to heat
within hundreds of microseconds to hundreds of degrees and then cool over several
seconds. Further, heat transfer through convection is limited, thus making control and
analysis relatively simple. The microheaters can often eschew the complex control
schemes needed to deal with response delay and ringing in conventional hotplates.
The highly concentrated application of heat greatly reduces unwanted TL signals
from sample residue or any other contamination that may be nearby, as well as back-
ground light and distortions from convection and radiative heating. This selectivity of
heating means that thermoluminescent films can be deposited directly onto the heater
surfaces during fabrication if desired, providing for a sample with integrated heating
facilities on a single chip. Finally, their miniature size, power, and processing require-
ments make microheaters ideal for integration into portable TL readers.

On a microheater, measurement with a commercial thermistor or thermocouple is
out of the question, as the heater would be dwarfed by the measurement device.
However, platinum can be easily integrated into the heater and exhibits an extremely
linear thermal coefficient of resistance (TCR). Since platinum is also well suited for
a heating resistor, the sensing and driving elements can even be one and the same,
which greatly simplifies the device and eliminates concerns about sensor placement.

The advantages of microheaters do not come without complications. The minis-
cule surface area and highly focused heating of the heaters inherently translate to a
smaller volume of TL material and thus lower signal intensity. If the microheaters
are poorly designed, the temperature of one section of the microheater may differ
enough from another so that particles on the two sections will have TL glow curves
that are displaced along the temperature axis from one another. This phenomenon
can be seen in Figure 4.10, where two Al,O5:C particles are tested on a microheater
where the heating element has been placed around the edges rather than throughout
the device. Also, differing film stress characteristics can cause heater platforms to
take on curved shapes, and these shapes can buckle rapidly under extreme tempera-
tures. One batch of our early microheaters would abruptly transform from concave
to convex (or vice versa) and thus launch any loosely adhered particles into the air!

Ultimately, the previously listed complications are a matter of proper engineering
and have seldom caused trouble after initial development. However, one issue is

www.EngineeringBooksPdf.com



Luminescent Thermometry for Sensing Rapid Thermal Profiles 91

20 —Particle on heating element

Line of particles across heater

Intensity (relative)
— —
1S 5

(2}

S~

100 150 200 250 300 350
Temperature (°C)

FIGURE 4.10 TL curves of particles of Al,05:C on a microheater where one particle lies
directly on a portion of the heater element and the another group has variable placement.
Clearly, the temperature data from this microheater cannot be trusted and a better micro-
heater with a more uniformly placed heating element is required.

more fundamental: the speed of the heat transfer from the microheater to the parti-
cles. The small time constants that allow temperature profiles that mimic explosions
very accurately can be too short for large particles. This problem is magnified when
dealing with TL powders with highly irregular shapes which may result in poor
thermal contact between heater and material, resulting in inaccurate temperature
readings and smeared-out TL curves. Whereas a conventionally sized heater never
heats fast enough to make these issues relevant, a microheater makes the calculation
of the time constants of the particles important to the analysis. Thus, one must esti-
mate the thermal mass of any large particle on the microheater to ensure that the
temperature at the platinum thermistor is actually the temperature of the particle. It
should be noted, however, that this will also be an issue in explosions (postdetonation
environments), and particles larger than an order of 10 pum or so should be avoided.
Our latest-generation microheaters use a serpentine resistor of sputtered platinum
a few hundred nanometers thick, patterned by liftoff photolithography and underlain
by a 10 nm titanium adhesion layer. These electrical parts are sandwiched by silicon
nitride films, with a plasma-enhanced chemical vapor deposition layer deposited on
top for wet etch protection and a low-stress low-pressure chemical vapor deposition
layer underneath. A plasma etch through both nitride layers to the silicon wafer
allows the use of anisotropic wet etching to carve a pit below the heater, resulting in
a suspended membrane of silicon nitride. The sizable air gaps below and to all sides
of the heater platform limit heat conduction paths to four support beams of high
aspect ratio; this degree of isolation, when combined with the minuscule thickness—
in the hundreds of nanometers—and mass of the nonheating support structure,
ensures a rapid response to joule heating and a time constant of around 30 ms. For
applications where a much faster time constant is desired, the release etch can be
skipped to leave the underlying silicon substrate intact; this provides a massive heat
conduction path from the heater platform’s entire underside to a relatively enormous
block of material, and thus drives the time constant down to the 200 us range. To
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FIGURE 4.11 Microheater temperature versus input power for an early pair of microheaters.

date, we have not seen any background TL signals from any of the materials used to
fabricate the heaters. Experience has shown that the released heaters are mechani-
cally robust enough to handle powder samples being removed by pressurized nitro-
gen spray. Even with single-wafer processing, hundreds of devices can be derived
from a single batch, giving the option of a single use per heater, which all but elimi-
nates sample-to-sample cross-contamination.

Before operation, the heaters are placed on a conventional hotplate and their resis-
tance is measured as the die is heated; this yields the TCR and I-V relationships that
are used to measure and control their temperature in use. Stress testing has shown
that these microheaters can easily and repeatedly ramp to temperatures of over
500°C without change in characteristics. The thermal and speed performance of two
example microheaters is presented in Figures 4.11 and 4.12.

A SAMPLE PROCESS

Using the rapid heating technology of microheaters, we can study the effects of an
explosion-type temperature profile on TL glow curves in conditions much more eas-
ily produced, measured, and controlled than actual explosions [17-19]. For an initial
test, microparticles of Mg,SiO,:Tb,Co of the order of 10-20 um in diameter were
prepared [20] by Dr. M. Prokic, Institute of Nuclear Sciences, Vinca, Belgrade. This
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FIGURE 4.12 Time response of a microheater that has not been separated from the underly-
ing substrate. This configuration makes the microheater very fast but prevents it from reach-
ing high temperatures.

terbium- and cobalt-doped magnesium silicate formulation produces at least two eas-
ily distinguishable TL peaks below 350°C upon irradiation with broad-spectrum
180—400 nm UV light, which allows us to refill sample traps inside our TL setup
without the need for more hazardous radiation sources or heavier shielding. The
entirety of the experiment can thus be run without removing the sample from the TL
chamber, eliminating the risk of photobleaching (to which the closely related
Mg,SiO,Tb is known to be vulnerable [21]) during handling and ensuring that all
data are taken from the same sample with a consistent thermal contact.

Microheaters similar to the variety previously described, with platforms 300 um
on a side, were used for both explosive and linear (glow curve) heating. Four calibra-
tions of the microheater resistors on hot plates produced closely matching linear
TCR results that, at the highest temperature used in the experiment, produced a
maximum temperature deviation of 4.4%. The microheaters were also run through a
temperature ramp to record the nonlinear relationship of voltage and temperature,
which would be used to target the output power during pulse heating. (The actual
pulse temperature reached is still determined via resistance measurement, however.)
A computer-controlled source meter was used to drive the microheater in both modes
of heating; while this was observed to work very well for slow heating, later revisions
of the experiment use faster control programs and dedicated pulsed generation
devices to achieve better accuracy during rapid operation. TL readout is handled by
a photomultiplier tube, which is protected during irradiation by a motorized metal
shutter. This setup is shown in Figure 4.13.

Mg,Si0,:Tb,Co microparticles were sprinkled onto the heater die and adjusted
where necessary with microprobe manipulators; the microheaters are thermally
isolated from their substrates, so the excess particles and any other contaminants
that land near the device will not be heated enough to luminesce. Once laden with
samples, the microheater is placed inside the darkened TL chamber and its mic-
roparticles are irradiated with UV light from a 30 W deuterium lamp. A tempera-
ture pulse with a total duration 200 ms (£13 ms) and variable maximum temperature
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FIGURE 4.13 Experimental set-up used to test the response of thermoluminescent Al,0;:C
microparticles to rapid thermal profiles. Included are devices to fill the traps, simulate explo-
sive heating, and measure TL glow curves.

(i.e., variable current amplitude) is applied in noncontrol runs. A TL glow curve is
then collected using a linear temperature ramp of 2°C/s up to 350°C, where
the magnesium silicate glow is observed to die away while a strong background
intensity—most likely thermal blackbody emission—rises to prominence.
Although no ill effects from repeated rapid cooling were observed in stress testing,
the microheater temperature is gradually ramped down to ambient to avoid any
thermal gradient bimorph stresses that might jostle the particle. The entire experi-
ment run is automated and is repeated as necessary without manual handling of the
sample.

To reduce photomultiplier tube noise and fluctuations in overall intensity, each
raw data point is averaged with its 20 closest neighbors (corresponding to approxi-
mately 10°C) and each curve multiplicatively scaled so that their heights are equal at
266°C, the apex of the second peak. The blackbody emission background, which
becomes dominant at ramp temperatures above 310°C after the Mg,SiO,Tb,Co TL
peaks (if any is present) have died away, is modeled as an exponential function curve-
fitted to the nonpulsed control curve above 310°C, and subtracted from the intensity
data of each subsequent pulsed run. This is shown in Figure 4.14.

In actual use, our technique must compare the TL glow curves of different sam-
ples of the same material, some scarred and sullied by explosion, possibly using
detectors and read-out systems with slightly different characteristics. To compen-
sate for the changes in overall intensity that will follow, we must preserve one of our
two distinguishable TL peaks undiminished as an intensity reference; this can be
done by choosing a TL material with a high-temperature peak that will not be
affected by the expected heating level, which we may set by observing the effects of
slow preheating (using a conventional planchet heater) on the glow curve of
Mg,SiO,:Tb,Co.
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FIGURE 4.14 Background signal and subtraction performed for Mg,SiO,:Tb,Co thermolu-
minescence. (Reprinted from M. L. Mah et al., Measurement of rapid temperature profiles
using thermoluminescent microparticles, IEEE Sensors Journal, 10(2), 311-15, 2010. © 2010
IEEE.)

Theory predicts that a pulse with a higher peak temperature will have a progres-
sively stronger depopulation effect on the relatively shallow electron traps. Our data
suggest that the deeper traps responsible for the second peak are relatively unaf-
fected by the pulse temperatures and durations used here, but will begin to empty at
higher excitation temperatures as can be seen by slow preheating. Increasing the
maximum pulse-heating temperature [17] applied by 5°C at a time yields easily dis-
cernible decreases in the height of the low-temperature peak until the peak dwindles
to an indistinguishable height when the maximum preheating pulse temperature
reaches around 300°C, as shown in Figure 4.15.

To compare these results to theoretical prediction, we chose trap parameters to
closely fit our nonpulsed control curve; numerical simulations based on first-order
kinetics theory were then used to produce postpulse glow curves for these theoretical
particles. Figure 4.16 compares the relation between the intensity peak height and
temperature pulse maxima of the resulting simulations with that of the experimental
data obtained using traditional TL heating. As expected, a clear one-to-one decrease
occurs in the intensity ratio of the first peak to second peak heights as the pulse
temperature climbs [17]. The slope of the curve is reasonably stable, indicating that
the sensitivity of this Mg,SiO,:Tb,Co will be fairly steady over the usable pulse tem-
perature range. In the range we observed, model and data differed by an average of
4.4%, with no errors greater than 9.1%. (Even better accuracy could be obtained by
simply curve fitting the TL peak ratio in much the same manner that the resistance
of commercial thermistors is calibrated.)

THERMAL HISTORY MODELING AND RECONSTRUCTION

We have confirmed that the TL of a particle can measure the temperatures to which
it has been exposed; the question now is how this information can be recovered and
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FIGURE 4.15 The thermoluminescence glow curves of Mg,SiO,:Tb,Co microparticles after a
190 ms explosive heating pulse. The legend at right indicates the peak temperature of the pulse
corresponding to each curve. The intensities shown are normalized at 266°C, the top of the
second observable peak. The ratios of the intensities of the peaks strongly correlate with the
maximum temperature to which the particles had been exposed. (Reprinted from M. L. Mah
et al., Measurement of rapid temperature profiles using thermoluminescent microparticles,
IEEE Sensors Journal, 10(2), 311-15, 2010. © 2010 IEEE.)

reconstructed from a single experimental glow curve. Under a first-order kinetics
model, the percentage of carriers remaining in a partially depopulated trap is rather
straightforward to deduce. In Equation 4.5, the population at the end of preheating
n'y is a coefficient in the expression for the glow curve intensity /(r), and so the popu-
lation that survives preheating is directly reflected in the amount that the peak
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FIGURE 4.16  The ratio of the height of the first TL peak of Figure 4.15 to the height of the
second as a function of pulse temperature for simulated and experimental data. (Reprinted
from M. L. Mah et al., Measurement of rapid temperature profiles using thermoluminescent
microparticles, IEEE Sensors Journal, 10(2), 311-15, 2010. © 2010 IEEE.)
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intensity decreases from its fully populated maximum. If this population value is
taken to be n’y after 7(?) has run its course, then the TL intensity observed from the
remaining population during a linear temperature ramp 7°(t’) is expressed as
, dn
1()=Cy
t
=ng| Cn, exp —J.se‘E”‘T(’)dt se ENRT()

0

4.6)

To subsequently recover the temperature profile that was responsible for the
observed depopulation, we must solve Equation 4.6 for 7(f). Here we run into trouble:
this expression cannot be solved analytically for most functional forms of 7(). Either
a symbolic approximation or decomposition must be substituted, or a numerical
computation method used. To maximize the generality of our technique, we choose
the latter.

Perhaps the simplest and most general numerical simulation method devisable is
the brute-force exhaustive search, where the space of plausible solutions for 7,,, and
t..o 18 canvassed until a combination of values that give minimal error is found. This
approach is usually inadvisable except as a last resort because each additional para-
meter added to the temperature profile will exponentially increase the number of
possible combinations. However, in this application, several mitigating factors jus-
tify this technique: first, a trap must be partially depopulated in order to give useful
information, delineating a temperature range outside of which there is no need to
search; second, experimental error will set a minimum temperature resolution, and
finer scales will not yield greater accuracy; and finally and most crucially, presetting
a limit on the number of parameters we seek will yield a predictable pattern to the
solution space that transforms a random search into a guided one.

To expound on this, let us take the previously described experiment involving the
microheater-driven pulsed heating of Mg,SiO,Tb,Co. As we noted earlier, this
material manifested two easily distinguished, fairly well-separated TL peaks under
the conditions used, allowing the higher temperature peak to be used as a constant
intensity reference in order to calculate normalized relative intensities for its lower-
temperature sibling. If this peak derives from a single trap modeled with first-order
kinetics, we will be able to easily determine the degree to which the trap has been
depopulated by the preheating, idealized (for the moment) as a fixed-duration square
pulse of variable maximum temperature. To find the pulse temperature responsible
for a glow peak of a certain height, we can simply simulate the glow curves—or even
more simply, the remaining trap population—which would result from a selection of
possible temperatures and compare the magnitude of error between these and the
actual result. If we have little idea of the approximate range in which our actual pulse
temperature lies, many of the temperatures we simulate will leave the trap’s popula-
tion either completely depleted or wholly untouched and thus result in a peak height
that does not change from temperature to temperature. As we near our actual pulse
temperature, the magnitude of error should decrease until zero at the correct pulse
temperature (ignoring experimental read error) and then increase again as we travel
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past and away from the answer. Therefore, we should be able to locate the correct
pulse temperature much more efficiently by simulating a selection of widely sepa-
rated points, examining the changes in error, and honing our search range until we
have our answer to the desired accuracy.

The same strategy holds in more complex situations as well. We will assume that
our preheating profile is a single explosive heating event, approximated by an instan-
taneous jump from the ambient temperature to a maximum followed immediately by
slow cooling back to the original ambient, as described in Section “TL as a
Thermometer” and shown in Figure 4.5. With these simplifications, the preheating
(i.e., explosion) scenario can be expressed with two parameters: the maximum
temperature, symbolized as 7, ,,, and the time taken for the temperature to fall back
to within 1°C of the ambient temperature, referred to as the cooling time or 7_,.

Our solution space is now a two-dimensional plane of possible 7}, and .., pair-
ings, a much larger number of precision-limited points than the base case. But differ-
ent combinations of duration and temperature can produce the exact same
depopulation effect on a given trap, so that for each possible value of 7, , there will
be a corresponding 7, to produce the effect seen in our experiments, leaving us
with an entire line of (7,,,,, t.,,) points which perfectly explain the observed sample
TL, as shown in Figure 4.17. A second trap of sufficiently different parameters will
also generate a line of situations that produce identical depopulation effects, but this
line will not, in general, be the same as that of the first trap. There should be pre-
cisely one preheating scenario that the two equal-depopulation lines have in com-
mon: the scenario that actually took place. This type of graph with intersecting lines
is shown in Figure 4.18.
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FIGURE 4.17  Shows the % correctness (1-%error) of the simulated trap population for vari-
ous pre-heating scenarios compared to the actual observed trap population. The line of points
at the top are caused by an insufficiently high simulation resolution, that is, the simulated
points are a visible distance away from the theoretically-100%-correct points. This diagram
used the ratio from one pair of traps.
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FIGURE 4.18 Each of the two lines is the result of tracing the 100% correct line seen in
Figure 4.17 except for different trap pairs. There were three traps simulated total, with one
chosen to not depopulate significantly and two chosen to depopulate partially in the “actual”
explosive heating scenario; each of these two lines is calculated from the ratio of one of the
two depopulating traps and the reference trap.

This method could, in theory, be extended to temperature profiles of greater com-
plexity. The additional solution space dimensions would of course come at increased
computational cost. A naive implementation would scale in the worst case as O(n*),
where n is the number of precision-limited points possible in each preheating para-
meter and x is the number of parameters needed to describe the temperature profile
sought, but various optimizations can be made. If the individual glow peaks of the
traps are well separated or easily distinguished, the equivalent-depopulation lines
can be extrapolated from a few points; locating these lines requires a much smaller
number of points to be simulated than directly seeking their intersection point,
reducing n. An iterative search by choosing and simulating ever-shrinking ranges of
parameters can also bring down the rate of growth. On the hardware side, the simu-
lation of each preheating scenario is independent of the results of others, allowing
multiprocessor computers—or even specialized hardware such as graphics proces-
sor units and field programmable gate arrays—to effectively divide the time required
by the number of simultaneously active threads sustained.

Some complications still arise. Many TL materials are known to have glow curves
that can be altered depending on preparation and preirradiation treatment; unexpected
inconsistencies in trap parameters can lead us to spurious matching situations.
Fortunately, a random change in the parameters of multiple traps is highly unlikely to
coincidentally form another unanimous intersection point, and so the damage can be
easily detected and the trap parameters then recalibrated from a control sample. In
our tests of this search method, correct temperature profiles have been recovered from
postexplosion glow curves that were simulated using another set of trap parameters
differing in E, and s, indicating some natural robustness against parameter mismatch.
It should be noted that the tolerance is likely to vary based on the temperature profile
and material used, and is yet to be studied systematically.
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A difficulty in comparing first-order simulations with experimental results is
that the TL glow curve gives the combined TL intensity of all the peaks, which in
many cases will contain substantial overlap. Although techniques exist that attempt
to discern the luminescence contributions of individual peaks from their summed
intensity, most are targeted at gauging material trap parameters and thus assume
that bountiful supplies of sample are available for repeated heating and reirradia-
tion [22-24]. Our thermal history reconstruction method can adapt to overlapping
peaks by using the overall intensity at points along the summed glow curve for
comparison instead of individual peak height, which is just as effective and requires
no additional experiments, but it does add computational overhead and restricts
some optimizations. Finally, it should be stressed that this thermal history recon-
struction method is likely to be the most general and robust possible, but it is by
nature very computation heavy. If computer speed or computational load is para-
mount, other methods such as computerized glow curve decomposition may be
worth investigating.

SENSOR SURVIVAL

The strong overpressure wave and shock stimuli produced by an explosion are vio-
lently intense [25]: while our solid-state, low-mass particles will be able to withstand
much more punishment than conventional contact sensors, a sufficient physical
impulse could plausibly introduce changes to the defect and crystal structure [26]
which help define the TL properties of a material. Surface contamination and reac-
tions with the chemicals in the postdetonation environment, which tends to include
components of the explosive itself in various stages of reaction or decomposition,
could introduce unexpected luminescence effects or block the observation of the
intended ones.

We tested the stability of the thermoluminescence of Al,05:C, a common com-
mercial dosimetry material, before and after an explosion. Particles of this alumi-
num oxide 15-90 um in diameter were obtained from Landauer, Inc. (Stillwater,
Oklahoma) and between 5 and 15 g poured into a paper cup. A high explosive charge
consisting of either 2 or 25 g of pentaerythritol tetranitrate and a detonator was
placed on top of or immersed in the Al,05:C. The assembly was suspended inside a
steel blast chamber and the charge detonated, as represented in Figure 4.19, after
which the particles were recovered from a plastic collection cone located underneath
the charge.

Our primary concern in this experiment was not to measure temperature but to
assess whether or not the Al,O;:C would survive as a serviceable TL material. To
this end, the postexplosion and control nonexploded samples were all irradiated
with broad-spectrum 180—-400 nm UV light and subsequently linearly heated at a
rate of 0.75°C/s on a hotplate. The TL glow curves thus collected are qualitatively
and quantitatively in agreement, with both the full-width at half-maximum and
peak maximum location varying by 4.0% and 1.9% respectively, as shown in Figure
4.20; this is within the bounds of experimental error. Due to the extreme proximity
of the explosives, it is estimated that the particles were subjected to pressures of the
order of 2000 psi (Jim Lightstone, Naval Surface Warfare Center, priv. comm.).
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e o

FIGURE 4.19 The detonation of the charge + assembly in which the Al,05:C microparticles
were embedded. These images were captured as 20 ns exposures at 5 ms intervals. (Images
courtesy of Jim Lightstone of the NSWC, Indian Head, MD.)

There is no indication that this or any other detonation effects caused significant
change in the TL ability of the material regardless of the charge placement or size.

With this most vital point established, we are free to satisfy our curiosity by
examining the particles for any additional explosion effects. It was likely that there
were surface contaminants or reactions on the particle, even though they had
clearly not impacted luminescence. The elemental composition of the particle sur-
faces were therefore compared using x-ray photoelectron spectroscopy (XPS) as
shown in Figure 4.21. In some samples, the Al 2p and O 1s peaks were found to be
significantly weaker after being exposed to detonation, suggesting that some alu-
minum combustion had taken place. By contrast, carbon had a stronger presence
through an elevated C Is peak height. Since XPS generally does not penetrate
more than a few atomic layers—no more than a few tens of A or so—beneath the
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FIGURE 4.20 Thermoluminescence glow curves of Al,0O,:C before and after explosion with
PETN charges. The data were collected using a linear heating ramp of approximately 0.9°C/s.
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FIGURE 4.21 High-resolution XPS spectra of Al,O,:C, centered on the primary peaks of
its elemental constituents, after detonation of a 25 g PETN charge.

surface of its sample [27], the opposing changes in content could also be simply
due to an added outer garnish of carbon obscuring the view of unchanged propor-
tions of aluminum and oxygen, or even a result of a smaller sample cross-section
being observed.

Most basic of characterizations, a visual examination, was carried out by a scan-
ning electron microscope shown in Figure 4.22. The images revealed an interesting
shift in the shape of the particles: whereas the original pre-explosion specimens
(Figure 4.22a) were angular bodies with sharp corners and smooth planes, the post-
explosion particles (Figure 4.22b) displayed much more rounded, compact configu-
rations with higher surface roughness. The average particle size also seemed to have
grown after detonation, thanks mainly to a dearth of sub-20-um particles. This size
bias likely arises from the collection process rather than anything that happens due
to detonation.

U of MM

FIGURE 4.22 SEM image of Al,O,:C microparticles (a) before undergoing high explosive
detonation and (b) after detonation with 25 g of pentaerythritol tetranitrate (PETN).

www.EngineeringBooksPdf.com



Luminescent Thermometry for Sensing Rapid Thermal Profiles 103

CONCLUSION AND FUTURE DIRECTIONS

We conclude that thermoluminescent microparticles and nanoparticles with multi-
ple, light-insensitive TL peaks provide an excellent means of measuring thermal
history in extreme environments such as fires and explosions, where no traditional
sensors could function. These have the advantages of no separable parts, low cost,
compatible aerodynamics, easy dispersal, and high sensitivity to peak temperatures.
They can be simulated many times per day using microheaters instead of explosions
but survive an actual detonation even when placed directly on high explosive charges.
The concept has been experimentally proved using MgSiO,Tb,Co particles on
microheaters with rapid heating and cooling over approximately 232-313°C.

We feel future work in the area will proceed in four directions. The first, obviously,
is to test TL thermal history sensing in real explosions, and, in fact, this work is
already proceeding as a collaboration between our group and Jim Lightstone at the
Naval Surface Warfare Center in Indian Head, Maryland. Second, there is a definite
need for materials research. Almost all TL materials have been developed and char-
acterized for radiation dosimetry, a technology where materials with a single well-
behaved peak and high radiation sensitivity are desirable. For temperature
measurement, multiple light-insensitive peaks are preferred and radiation sensitivity
is largely irrelevant. Many materials that were rejected for dosimetry may be viable
for sensing. In addition, new materials are being developed at Oklahoma State
University and Clemson University using solution combustion synthesis [15]. Third,
one can develop specially engineered particles and materials to enhance the collec-
tion of thermal history beyond what we have described here. For example, one might
construct a thin film stack of alternating TL materials to engineer a “particle” with a
desired set of traps. One may also create thick core-shell particles where the shell will
follow temperatures at the surface very rapidly while the core will only follow slower
average events. By examining the luminescence as a function of depth in the particle
(say by using core/shell materials with different emission wavelengths) one can extract
temperature information in much the same manner that previous climate history can
be obtained from deep caves and boreholes drilled into the ice in Antarctica or
Greenland [28]. Finally, it may be possible to measure parameters other than tempera-
ture. It will be interesting to see whether extreme pressures in the center fireball of an
explosion cause any changes in trap populations. From one point of view, one would
like to ignore such a complication. On the other hand, if there is a dependence, then
certain particles are likely to be more sensitive to this than others, and the develop-
ment of pressure sensors could begin. In any case, it will be interesting to see whether
other applications of microparticle thermoluminescent sensors arise!
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ULTRAVIOLET-VISIBLE-NEAR-INFRARED (UV-VIS-NIR)
SPECTROSCOPY

Solar cell development demands exact and efficient analyzses of transparent conducting
oxide (TCO) and absorber materials. Optical analysis is usually done by means of
ultraviolet—visible—near-infrared (UV-Vis—NIR) spectroscopy provides transmission
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spectra, T(A), as a function of wavelength A from about 200 to 3300 nm. Transmission,
T(M\), and reflection spectra, R(A), can be measured up to A =2500 nm by using a
spectralon-coated integrating sphere. A novel, nonnumerical model, without approxi-
mations, is provided for analyzsing a single solid-state layer. Approximations are shown
for multilayered systems and measurements without an integrating sphere. Extracted
values are compared with those of the well-known Keradec—Swanepoel model (KSM).
Quantum mechanical potential barrier models are used to reevaluate spectra out of
these physical values, in order to compare them with the originally measured spectra.

CORRECT AND EFFICIENT THEORY FOR THIN-FILM
INVESTIGATIONS: SINGLE-LAYER MODEL

SURFACES, INTERFACES, AND BULKS OF MATERIALS: REFLECTIONS,
TRANSMISSIONS, AND ABSORPTIONS

Combining Maxwell’s equations with the Poynting Theorem results in the vertical
and parallel components and therefore gives the total amount of the incident, e,
reflected, r, and transmitted, ¢, beam power [1,2]

PLI-Z;\/EE,%LOA cos6,, iefert}, je{Ll}, G

where E is the electrical field vector, g, is the permittivity, and |, is the permeability.
The investigated area is denoted as A and the corresponding angle versus the normal
to the interface with 0. The reflection, R, at an interface between two media is then
defined by (6,=6,)

By _Eo .
R, = Pe,i = E?j'o =r?, je{Ll}. (5.2)

The transmission, T,,, can be written as (6, # 0,)

)

_ P, ct's,-Efj’mcoset _ (n,/u,) \/1—(ne/n,)2~sin266
= =

E - 2, jeiLll.
! F)e,j C &, - EEZ,JZO : COSOF (ne /ue) COs ee t] J € { }

(5.3)

Herein the reflection, T and transmission coefficients, 1, are defined by Fresnel’s
equations.

In the case of normal incidence 0,, 0, € [0°, ... ,8°] Fresnel’s equations are iden-
tical for vertical and parallel components of the electrical field, resulting in

ne/“’e _nt/“'t )2
n/w, +n/w, )’

2

nt/“’t 2 nt/l"l’t 2 nent /( ne nt j

T, =T,= r= 7=4 +-t ]
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For electromagnetic waves within media, besides Maxwell’s equations, three
material equations have to be taken into account: D= SOE +P=(1+ X P)SOE =
e.e,E =¢E for dielectric effects, B=poH+M =1+, )MoH =, u,H=pH for
magnetic effects, and Ohm’s law ] =0, E, where 6, =1/ p,. Using these material
equations, the Maxwell equations can be transferred into a 2 X 2 differential equa-
tion system for the electrical and magnetic field [3]. In detail, on the one hand dif-
ferentiation, d/dt, and on the other rotation, Vx, of Vx B = UG LE + e BE/ ot, leads
to two equations. Using V x E = —dB/dt, the operator identity VxV = V(V-) - V2
and E = B/ \/E result in

= 0’ 0 0 - = = pp (7.t
{Vz_uaatz—ucL(r,t)at—u(atGL(r,t)):|E(r,t)=V L(g ),

{62 e o, (f,t)gt_\/g(vxq (?,t))}é(?,t) - 0.

(.5)

Solving this equation system with E(F,t)= E, e %7 x (kunmuon) ‘B‘:‘E‘\/ﬁ,
c= 1/ \/a , ®/c=2mn/A, and 6, = 1/p, leads for space, 7, and time, ¢, independent
conductivities, 6,, permittivities, X, and permeabilities, |, and finally to the wave
vector [3]

k=k& =k, —ik,) &,

_am 1 oo Y 21
fe =% ﬁ\/ Hﬁ[%) R (5.6)

_am || u(e,Y
N | T —

Therefore, the beam power for electromagnetic waves within volumes of materi-
als can be written as

P, (F)= ;\/EE,%,VOeZWA cosf,, je{Ll}. 67

The quotient of the beam power at the positions 7 # 0 and 7 =0 is equal to the
transmission, T, ;(7), of an electromagnetic wave through the bulk of a material

=Pt =gt jell). (5.8)
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Every photon which is not transmitted will be absorbed—independent of its path.
Thus, the adequate absorption results in

A, (F)=1-T,,,(F)=1-e2" =1-e®7 je{Ll}, (5.9)

(Lambert’s law) where X, = 2k, , is the absorption coefficient.

Exact AND CoMPLEX PARAMETER EXTRACTION FOR A SINGLE LAYER

Refractive Indices and Absorption Coefficients

In the case of a single-layer system (SLM), an incident beam is repeatedly reflected
and transmitted at/through both surfaces of the medium. Integration over all parts of
the beam, released on the reflection side of the sample, results in the total reflection,
R()); integration over all transmitted parts, results in the total transmission, T(A).
Measured UV-Vis-NIR spectra provide the total reflections, R(A), and transmis-
sions, T(A), as functions of the wavelengths, A (Alternatives: [4, Ch. 2.2], [5, 6, Ch.
AII], [7, Ch. 2.4)).

The mathematical formulation, taking into account Equations 5.2, 5.3, 5.8, and
5.9, results in Equation 5.10. Moreover the measured reflections, R, and transmis-
sions, T, satisfy the balance equation 100% =1 =A + R + T [8,9], see Figure 5.1,
which allows to compute the according absorptions, A,

R= R/,eL + T/,eL’T/,LeT#Z,LR/,Lt -3,
A=1-(R+T), (5.10)
T= T/,ELT#,LT/,LI 8.

The sum over all reflections within the layer 3 =237 (T7, R, ,R,,.)" reaches a well-
defined limit with increasing p. For p — o the theoretical solution of the physical
problem is exact. Practically, p should be high such that the theoretical failure of
Equation 5.10 is less than the measurement error.

Using Equations 5.4, 5.8, and 5.9, within the measurable reflections, R, and trans-
missions, 7, in Equation 5.10, leads to a transcendent 2 X 2 equation system for the
refractive index quotient n,/n, and the absorption coefficient o .

Transmissions 7;,, = T;,, and reflections R, ; = R, , are identical for normal light
incidence (0, < 8°; see Equation 5.4). Therefore, the total transmissions, 7, and reflec-
tions, R, can be simplified as

1\
R=R,, (1+T,, T)=r2 ;(1+Teuhe) = (Zzﬁ ?Zﬁz n 1) (1+7 i ).

(.11)
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FIGURE 5.1 Reflection, R,, and transmission, 7;, spectra for sputtered aluminum-doped
zinc-oxide (ZnO:Al) thin films upon a boron silicate glass (BSG) substrate (Leybold Optics
CLUSTEX 100M sputtering cluster tool, Perkin-Elmer Lambda 750 UV-Vis—NIR spectro-
meter). The UV, Vis, and NIR region of the wavelength and energy—dependent spectrum as
well as the band gap energy, E, (wavelength ), which separates absorbing from the transmit-
ting region of the spectrum are shown. The KSM uses exclusively the envelope functions 7,
and Ty, of the transmission spectra for parameter extraction.

Equation 5.11 includes no approximations and is independent of the beam path
within the layer, that is, from 3 =3 (T, R, R, )"

On the one hand, solving Equation 5.11 for the refractive index quotient n; /n, and
the absorption coefficient o, results in

mp, T +4R
ni v Tewh —JR

2
aL — —iln nLue/neuL +1 R 1
nLue /neI"LL -1

>

(5.12)

dy T T/

On the other hand, the substitution of the absorption A = 1 — (R + T) into Lambert’s
Law 1 — A = ¢ % results in

1 1 1 1
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Elimination of the absorption coefficient, ¢ , from this equation system leads to, see

Figure 5.2a,
mb, _ JIHT(R+T)+vR 1+\/§' 510
nie fi+T (R+T)-vR 7" 1-VR

UV-Vis—NIR spectra measured with an integrating sphere result in lossless reflec-
tions, R(A), and transmissions, T(A). Using Equation 5.14 leads to an approximation
free, wavelength-dependent quotient n; [ /n, W, (A). Finally, Equation 5.13 provides
wavelength-dependent absorption coefficients, ¢ , if the layer thickness d, is known,
see Equation 5.19.

An approximation can be made for a UV-Vis—NIR spectrometer without an inte-
grating sphere (e.g., [10—13]). Taking Equation 5.4, 5.8, and |1, = |1, = |4, into account,
then for p, = 0 the transmission, 7, from Equation 5.10 directly leads to

2 2
4n, /n, 4n, /n,
(nL /n, + 1)2 3?_‘33 (nL/ne + 1)2

(5.15)
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FIGURE 5.2 Wavelength-, A, and energy-, E = hc/A (h = Planck’s constant, ¢ = light velocity),
dependent refractive indices, I, |, extracted with (a) the SLM, using reflection and transmission
spectra (integrating sphere, Equation 5.14), (b) the SLM, using exclusively transmission spectra
(Equation 5.16), and (c) the KSM, using solely the envelope functions 7,,, 7}, of the transmission
spectra. For comparison, the refractive index after Sun et al. [15] is shown. Slightly elevated
refractive indices occur when reflection spectra are neglected for parameter extraction. The
distance, r, from the deposition center is proportional to the layer thickness, d, .
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FIGURE 5.2 Continued.
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According to Equation 5.15 and Figure 5.2b, the refractive index quotient can be
determined for transparent layers o, — 0 to

1 1 1 1

7+7_7_i
N

n
Ll =
n

e
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Moreover, for opaque layers (ie., for R = R, in Equation 5.10, for o, — e in
Equation 5.12 or for T — 0 in Equation 5.14, the refractive index can be evaluated
with [14]

n, 1-+R’

Refractive indices, calculated with the KSM are shown in Figure 5.2c.

n, _1+VJR (5.17)

Light Velocities, Permittivities, Wavelengths, Wave Numbers, Layer
Thicknesses, and Deposition Rates
The quotient of the refractive indices can be written as

no_C_ 8y _ M ke (5.18)
ne CL geue A‘L ke )

This is, because the light velocity is equal to the reciprocal square root of the accord-
ing permittivity and permeability, ¢; = 1/ \/a ,ie{e L}, and it is the product of
wavelength and frequency ¢; = A, v, v = const., i € {e, L}, where the wavelength
A; = 2m/k;, i € {e, L} depends on the wave number.

Herein, the quotient of the wave numbers k,/k, is of special importance, as the
wave number of the layer material is complex, k; = k;  — jk; ;; see Equation 5.6. The
real and imaginary parts of the complex wave numbers are only dependent on
parameters of the medium (wavelength A, permittivity €,, and permeability |,) and
on the conductivity ¢, of the layer. n,/n, can be taken from the spectrum using
Equations 5.12, 5.14, 5.16, or 5.17. As a result, the refractive index n,, the light veloc-
ity c,, the square root of the permittivity €, and the permeability |\,, and the wave-
length A, can be treated as complex numbers, see Figure 5.3a,b.

If the optical thickness, n; d;, of a layer is larger than the wavelength, n, d;> A,
of an incident beam, and then the layer thickness, d; , can be easily calculated. Every
consecutive maximum of a reflection spectrum (resp. minimum of a transmission
spectrum) at a wavelength A, ; shall be enumerated with m,, where m;, is a natural
number (m; € IN). Then for normal incidence, the layer thickness, d; can be esti-
mated using

m; —m;
m;,n; e IN.

z[nL (r.) m(n. ,)} (5.19)

d, =

7\’2,1' 7\’2,]

Herein, n; (A, ) is the wavelength-dependent refractive index, see Figure 5.3c. For
a well-known sputter duration, f,, the deposition rate, v;, can be computed using
vy =dy /i,

Band Gap Energies and Conductivities

Optical stimulation of semiconductor materials with a direct band gap can
be described with the relativistic Compton effect, Fermi—Dirac statistics for
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(a) Permittivity, €, ;, and (b) wave number, k;, of a ZnO:Al thin film upon BSG

spontaneous and stimulated transitions and the Klein—Nishina cross section. It can
be shown that the absorption coefficient, o, is a function only of the incident light
energy, E, the band gap, E,, and a physical constant

o E=Cy \JE—- E,

(5.20)

The constant C;, is primarily a function of the electron charge, ¢,, the electric
constant, g, the light velocity, c¢,, Planck’s constant, %, and the combined mass,
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FIGURE 5.3 Continued. (c) Gauss-like deposition rate, v,, and layer thickness, d, , distribu-
tion (center of deposition at r = 0). (d) Tauc Plot for band gap energy, E,, extraction.
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TABLE 5.1

Direct Band Gap Energies, E,, of ZnO:Al Thin Films Upon a BSG for
Different Distances, r, from the Sputter Deposition Center. Values have been
Extracted with the SLM (with and without Reflection Spectra) and with the
KSM (Neglecting Reflection Spectra)

r/cm 1.6 2.1 2.9 3.8 4.7
Eyam(R D) 2.93 2.96 2.99 3.00 3.01
Eysum(T) 3.09 3.08 3.07 3.05 3.03
E,xsu(T) 435 436 436 436 —

Moo, = (1/m, + 1/m,)™" (m, = electron mass, m, = defect electron mass). Therefore,
the linear approximation of o E? versus E (Tauc Plot) results in a straight line that
intersects the abscissa at the band gap energy E,; see Figure 5.3d, 5.4a and Table 5.1.

Similarly, for semiconductor materials with an indirect band gap ol/>?E"? has to
be plotted versus E.

Absorption coefficients, o, are a function of conductivity, G,, according to
Equation 5.9, o, = 2k; ;, and Equation 5.6, k; ; (o). Moreover, oy, =—In (R, + T;)/
d, (see Equation 5.13, a better conformity with four-tip measurements is reached
with o =-In (R, + T,5)/d,). Therefore, taking Equation 5.14 into account, the
conductivity, 6, 1s a function of measured spectra and well-known constants, see
Figure 5.4b,

[S)

2
_2mn; e, n, a A, ’
I o [H(anm 1. .21

e

N

Effective Dopant Concentrations, Mobilities, and Lifetimes

For electrons in the conduction band of a semiconductor with a parabolic band struc-
ture, the wave number is given with k = \/2m (7w — E) /h. Herein, E. is the mini-
mum energy within the conduction band and m. is the according effective mass of the
electrons. The volume V, = 4nk*/3 = 4n/373)[2m (ho — E.)]*? within the reciprocal
space and the Pauli principle lead to the density of states, D (hw)=2dV,/Vdh
o= (2me)? (ho — E-)?2m?h3. Electrons are Fermi particles, so that the Fermi—
Dirac function, f. (i) = (e ) /") +1)™!, E. = Fermi energy, in combination with
the density of states, results in the electron density within the conduction band

n, = [ fe (1) De (7o) dio

_ (2mekT)™” T Jx

T o ) ex—(EF—EC)/kT_,’_l

dx, (5.22)
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FIGURE 5.4 (a) Absorption coefficients, ¢, and (b) conductivities, &,, for thin films on
BSG, a comparison. The noncontact, optically measured conductivities are compared with
that of a four-tip measurement system from Lucas Labs. (Adapted from V.A. Sokolov, Russian

Phys. J., DOI 10.1007BF00890479, 1158-1159.)

where x=(ho—EQJKT and  Fy, ((Ep — Ec)kT) = [ (Vx /e B EIAT 1) dx =
(\/E 12)e\EEIKT For an intrinsic semiconductor, the Fermi level, Ej, is exactly in
the middle of the band gap, E,, so that Ex — Ec =—E /2. As a result, the electron
density within the conduction band can be written as

3n
kT -
m o B 2T

1
=l

(5.23)

e,
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FIGURE 5.5 Effective electron density, n.,, of a semiconducting ZnO:Al thin film as a
function of the incident optical energy, E. The influence of different reactive oxygen amounts
within the inert argon gas is shown.

For an n-doped semiconductor, electron activation occurs from a donator level,
E}, into the conduction band, E.. Thus, the energy difference E, = E- — E, has to be
passed—instead of the whole band gap, Eg, as for intrinsic semiconductors, see
Figure 5.5,

3/2
1 ( kT & T

n =—f&—|—m e a2k (5.24)

e ,/z[nhz C]

Hydrogen model: The effective band gap, E,, shall be determine by the means of
the hydrogen model. Here, the balance between centripetal force and Coulomb force
leads to the kinetic energy, E,;,, = m, v* /2 = g* /8% €, r,,. Taking the quantification
of the angular momentum, L,=myr,=nh, into account, leads to Bohrs radii
r, = (dme it imyqg*)n?.

For a hydrogen atom in the ground state, there is n = 1 and the Bohr radius
accounts to r; = 52.9 pm. For m — oo, the electron is released. Thus, the ionization
energy can be written E,, = Ey;,, — Eyi,, = mMeq*/32n€3h% Inserting all the com-
mon constants results in E;, = 13.6 eV.

Solid-state approximation: The ionization energy is adequate for isolated hydro-
gen atoms, but not for semiconductor atoms, bound into a semiconductor lattice. In
order to get the energy E, from E,,, the rest mass, m,, has to be replaced by the
effective mass of electrons within the conduction band, m., and the dielectric
constant of the vacuum, g, by that of the semiconductor, €. This results in
E,=mcq*/321eh? = (¢,/ €)* (mc/m,) E,.,. Finally, the ionization energy, E,,, is to be

subsituted by the work function, E\, of the semiconductor, leading to
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2
€ m,
() (5o

EWF,S = EWF,M - Q_ EF,M + Eg 12 B

(5.25)

The work function of a semiconductor may be estimated by means of a Schottky
contact. The Fermi levels of the semiconductor, Ey g, and the metal, Eg ), as well as
the work function of the metal, Ey,p\;, shall be known or are easy to calculate. The
dielectric constant, €, the band gap energy, E,, and the effective mass, m, can be
evaluated; see above.

According to Ohms law, j = 6, E, an electrical field, E, causes a current density, j,
in a material with the conductivity, 6; . The conductivity, 6; = pLL, is directly propor-
tional to the mobility, W, and the carrier density, p = gn, , where ¢ = 1.602 x 1071 As
is the elementary charge and n, = N/V the electron density, which is the number of
electrons, N, per volume, V. The electrical field, E, moves the electrons with the veloc-
ity, vp = UE, through the crystal, according to the mobility, \. Therefore, Ohm’s law
can be expressed as j = 6, E = pUE = gnplE = gnvy,, and the mobility can be written as

W =olgq; (5.26)
(see Figure 5.6.) Herein, the conductivity can be calculated with Equation 5.21 and
the electron density with Equations 5.23 or 5.24, dependent on whether the semicon-
ductor is intrinsic or n-doped.

According to the Drude Model, an electrical field, E, accelerates charges, ¢,
until they are slowed down by interactions with crystal atoms or other electrons.
This motion can be expressed by electrical and mechanical forces, that is

Wavelength A (nm) ZnO:AlO, concentr.
2000 1000
1
50 * " = 0.00%
o c,=124%
10 Ll A ¢, =200%
_ . . T ¢, =478%
s
z IS * c,=936%
] 30 4 =
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= v A L
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O Ll T = T —~ T T = RT
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Energy E (eV)

FIGURE 5.6 Effective mobilities, |, of electrons within a semiconducting ZnO:Al thin film
as a function of the incident optical energy, E. The influence of different reactive oxygen
amounts within the inert argon gas is shown.
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F, =ge=F, =mcv+mqv,/T. Herein, m is the effective mass of an electron, v its
acceleration, T the time between two interactions with crystal atoms, and v}, the aver-
age drift velocity. After acceleration from the resting position, an approximately
steady motion can be assumed (v = 0) with the drift velocity v, = gET/m. Taking
into account Ohm’s law j = 6, E = gnv,, , again, leads to the lifetime,

=m0,/ n,q*. (5.27)

The mean free path can be calculated with [ = vyt = gET */mc, if the electrical field,
E, is known.

APPROXIMATE PARAMETER EXTRACTION FOR A MULTILAYERED SYSTEM

An electromagnetic wave with normal incidence upon a substrate will be reflected
Ry, absorbed A and transmitted Ty according to the balance equation

A =1-(R+T;), ie{S,SLL}. (5.28)

This equation also holds for a layer upon a substrate SL, or a single layer L.
Reflections R; and transmissions 7; can be measured, absorptions A; have to be
calculated. Regarding the absorption of a layer stack (i = SL), incident photons may
be absorbed either by the layer (i = L) or by the substrate (i =S) [8,9]. Therefore, a
second balance equation for the absorptions, Ay, = A; + A,, can be written as

A= ASL - As = (Rs - Ry ) + (Ts =T ), (5.29)

taking Equation 5.28 for a previously measured substrate and a total layer stack,
i € {S, SL}, into account. Combining the remaining balance equation, A, =1 - (R, + T}),
for an assumptive single layer and the balance equation for absorptions results in

R, +T, =1+(Ry —Ry)+(Ty, —Ty) (5.30)

The right-hand sides of Equations 5.29 and 5.30 can be measured directly, while the
left-hand sides cannot. As all reflections within Equation 5.30 refer to the incident/
reflection side of the sample and all transmissions belong to the transmission side of
the sample, Equation 5.30 can be separated into two equations—one for the reflec-
tions and the other for the transmissions. For practical use in photovoltaic, transmis-
sions through the substrate are high, that is, 75 — 100% = 1, and reflections low,
R¢ — 0, so that Equation 5.30 results in

R, =Ry —R; WRSL’
(5.31)
T =Ty +(1-Ty)—=—> Ty

Glass substrates usually provide 7= 92% and Rg< 8% over a wavelength region
from about 300 to at least 2500 nm. The approximation with Equation 5.31 is negli-
gible for almost all practical applications, as will be shown below. An iterative
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application of Equation 5.31 may be used to investigate more-than-two-layer sys-
tems. Therefore, a UV-Vis—NIR spectroscopic analysis has to be lone after adding a
further layer. The arithmetic errors for parameter extraction increase with every
added layer.

In the case of a thin film upon a substrate, reflection and transmission spectra of
the substrate, R, T, and the layer/substrate stack, R;g, T;¢ have to be measured.
Application of Equation 5.31 provides the (approximate) reflections and transmis-
sions for the layer, R;, T, . In the case of just a single layer, R, and T, can be measured
directly.

Now, using R, and T, the refractive index quotient n,/n, can be evaluated exactly
with Equation 5.14 (u, = W, = U,), for transparent layers (TCOs) approximately with
Equation 5.12, Equation 5.16 (0y = 0), for opaque layers with Equation 5.17, and for
measurements without integrating spheres with Equation 5.16.

Once the refractive index quotient n,/n, is known, Equations 5.18 and 5.6 pro-
vide further and complex parameter extraction. Absorptions, A, , and absorption
coefficients, o, , can be calculated directly with Equation 5.10 and 5.13. In the
case of the absorption coefficients, the layer thicknesses, d; , have to be calculated
with Equation 5.19. Effective dopant concentrations can be calculated with
Equations 5.23 through 5.25, mobilities and lifetimes with Equations 5.26
and 5.27.

QUANTUM MECHANICAL POTENTIAL BARRIER MODELS

SINGLE-LAYER MODEL

Incident photons with the wave functions y, = e~ e, r < —r, will be partly reflected
Y, =, getker r < —r, by the potential barrier of a layer or transmitted y, = , je~ 7,
r 2 r,, through it; see Figure 5.7. The photon—current densities can be calculated with

(a) v |k
197 kg
Ver Vi ke K
—T Ty r
v |k
(b)
197 197
ks kt
Vs Vi
Ve,r kE.Y
—7q ) r

FIGURE 5.7 Potential barriers for (a) the SLM after the correction of the measured spectra
with Equation 5.31 and (b) the KSM.
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ji= ih(qfﬁwi —wﬁwi)/Zm to |j;| = hky?, /m, i € {e,r,t}. Reflections and trans-
missions are then defined as

k

T2, T= j— = g2, (5.32)

e

R=

e

where wave numbers within the same medium are identical, &, , = k, = k.

Using the above-mentioned wave functions outside and W, = y, e " + y, _
e~k r < Iryl, within the layer, the boundary conditions for both surfaces of a single
layer lead to a 4 X 4 equation system for the unknown amplitudes , o, y; ., ¥, _ and
Y, o In the case of transparent layers (TCO), this equation system can be solved using

Equation 5.32, giving

(1= (ko /K T sin? (, d, )
A0, /) + [ 1= (k, /1) T sin? (kydy )
4(k, Jk)’
(kK +[ 1= (k5] ] sin? (kydy )

R=

(5.33)

T =

where d, = 2r, is the layer thickness.

KERADEC—SWANEPOEL MODEL

The Keradec—Swanepoel Model (KSM) itself is given in [11,17]; the according quan-
tum mechanical model is shown below. Here, the wave numbers within the transmis-
sion region are identical to those of the substrate, k, = k5. Thus, the wave functions of
the photons can be written as

v, +y =e® +Re  V_oo<r<—p,
Y=y, = WL,+eik" " +‘|’L,—e_ik"r V =1y <r<+r, (5.34)
Wy = JkT kg e7hs7 YV +71, S F < oo,
before the layer stack k, within the layer k;, and within the substrate k. Inserting
these wave functions into the boundary conditions for the surface and the interface
of this quasi-single-layer model (SLM)

eikro + IR e*ik"o — WL +efik,‘r0 +WL _eik,‘ro

}kT/kS e_iksro — lIIL;FeikLrO + WL,—e_ikLro

. , . . (5.35)
—ike'n +ik/R et = ik, e hen —ik y, en

—ikg JKT [kg €0 = ik, et — ik, g, _emen
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leads to a 4 X 4 equation system with the four unknown amplitudes y, ., y; _, JR,
and /kT/ ks . This equation system can be solved for TCO giving

Yi Y2
Y3+ iz —2cos(4k.d, )
Y2

- 2v, [72 - Y')(cos(szdL )+ cos(kdy )

Y3 +ﬁ+ﬁ—2cos(4deL)
R (RN (5.36)

Y3+ Yiz_ 2cos (4deL) ’

2

+

;e (v3 +72 +27,75 cos 2k, d, ))

Y3+ Lz —2cos(4k.d, )
Y2

where, again, the layer thickness can be written as d, = 2r, and

_ktky _ 2k(kZ +k7)
Nk T g (ks = ) (k- k)"

o [ kst _ Ak, 5.37
T2 Y‘(ks—kL)’ ¥s (ks + k. )(k+k.)’ 630

|

1 1
Vs =Yl(1_y)+yl(1+72)» Y

2

The trigonometric functions in Equations 5.33 and 5.36 lead to the already men-
tioned Fabry—Perot extrema; see Figure 5.8.

CURRENT-VOLTAGE (I-V) MEASUREMENTS

IDEAL AND REAL -V CHARACTERISTIC

Principally, solar cells are bipolar semiconductor diodes. Here, the optical sensitiv-
ity of the pn-junction is used to convert optical energy into electrical energy. The
current—voltage characteristic (/=V characteristic) of conventional diodes is given
by the Schockley equation [3,18,19,20]. For solar cells, the Schockley equation is to
be supplemented with the luminescence current, [, (light current), as additional
conducting electrons are generated by incident photons. Only photons, with natural
multiples, x,;, of the band gap energies, E,, contribute to this luminescence current.
Energy excesses, AE,, = ho — x,E,, are converted in to heat. In accordance with the
equivalent circuit of an ideal solar cell, the ideal I-V equation can be written as

Iy (Vo) = Lo (e —1)-1,, (5.38)
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FIGURE 5.8 Measured and quantum mechanically evaluated (a) reflections, R, and
(b) transmissions, 7; . Applied were the SLM and the KSM. The best conformance is given for
the SLM using reflection and transmission spectra for parameter extraction.
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FIGURE 5.9 Equivalent circuits for (a) an ideal and (b) a real solar cell.

Herein, I, is the saturation current, ¢ the charge of an electron, k the Boltzmann
constant, and 7 the temperature.

For an equivalent circuit of a real solar cell, a serial R, and a shunt R, resis-
tance have to be added; the first one for ohmic losses within the used materials
and at the electrical contacts and the second one for insulating losses and tunnel-
ing currents. Using the according mesh rules, compare Figure 5.9, results in
I(V) =1 (VY — 1) — [+ I, with V,=R I, I, = (V- V)/IR;, = (V- RJ)/R, and
therefore in a transcendent, real I-V equation

_ g [ alv-ram)kr )_ |4 .
I(V) =1 (e 1)-1, +7RSh TR RS;)N Equation 5.38,  (5.39)
R,—0

where I, = (Ry/(Ry + R)) Ly ——==— Lo I = (Ry/(Ryy +R)) Lo ——==— 115 -
R,—0 R,—0
In practice, all currents, I, are related to the measured area, A, resulting in current
densities, j = I/A.
The intersection point between the I-V curve, of an illuminated solar cell, and the
current axis is called short-circuit current, I, and is approximately equal to the lumi-

nescence current, I, see Figure 5.11. Setting V=0 (R — 0) results in a transcendent

kT

The according intersection point with the voltage axis is called the open-circuit
voltage, V.. Setting I=0 (R — o) results in V(I=0)=V,, =(I, +1,)(R, +R,)
~(KT | @OWy e (@I, (Ry, + R,) /KT (4N RatRYKT Yy Herein,  the Lambert W-
Sunction, W ..o 18 defined as the inverse function of =W, .. (2) €] impere O); S€E
Figure 5.10. Nevertheless, these both equations for the short-circuit current, /.., and
the open-circuit voltage, V., are just of theoretical interest.

Practically, they are taken from the intersection points between the measured or
theoretical /-V curve, of an illuminated solar cell, and the current, respectively, on

the voltage axis.

. T I.R
equationforthecurrent, I(V = 0) =1, = —(IL +1 ) + ;7 W, ambert (q s pall+L)RIAT j
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FIGURE 5.11 Comparison of measured and simulated j—V curves for a sputtered solar cell
with a molybdenum ground contact, a tin-sulfide absorber layer, and a zinc-oxide TCO-layer
(Keithley 2601 System Source Meter, LabTracer 2.0). The measurement was made with sun-
light at an illuminance of E = 91 klux, an area of A = 0.25 cm?, a short-circuit current density
of j. =0.924 mAcm=2, and an open-circuit voltage of U,. = 129 mV. The slope of the curve is
a,. =3.30 mA/Vem?, at the position of the short-circuit current density, and a,, = 10.8 mA/
Vem?, at the open-circuit voltage. The charge of an electron is ¢ =1.602 X 107° As, the
Boltzmann constant accounts k = 1.38 x 102 Ws/K, and the temperature is set to 7= 300 K.
For a given luminescence current density of j, = 0.925 mAcm, the saturation current den-
sity can be computed to j,=1.34 uA/ecm?, the serial resistance to R = 1.04 kQ/cm?
(R,=260 Q), and the shunt resistance to Ry, =4.31 kQ/cm? (R, = 1.08 kQ). The oscillation
of the illuminated curve is due to oscillations of the illuminance (according to the frequency
of the electricity network, taking the measuring velocity into account) or to the interference of
electron wave functions within a layer of the solar cell. The legend contains the sputter
parameters for the absorber thin film (see Table 5.2).
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TABLE 5.2

Process Parameters for a Sputtered Solar Cell (Leybold Optics CLUSTEX
100M Sputtering Cluster Tool), with a Molybdenum (Mo) Ground Contact, a
Tin-Sulfide (SnS) Absorber Layer, a Cadmium Sulfide (CdS) Buffer Layer, an
Intrinsic ZnO:Al Intermediate Layer, and an Aluminum, n-Doped Zinc-Oxide
(ZnO:Al) TCO Thin Film

Layer drsu, (€M) ts, (min) p (ubar)

Mo 7.6 10 5

SnS 6 30 5

CdS X 5 X
i-ZnOAl 8.5 3 5
n-Zn0:Al 8.5 10 3

T (°C) P (W) f(Hz) ty, (Us) Deposition-Method
20 250 0 X DC-sputtering
300 20 13.56 M X RF-sputtering
75 X X X Wet-chemical
20 250 350 k 1 PDC-sputtering
20 250 50k 1 PDC-sputtering

In order to calculate the serial resistance R, and the shunt resistance Ry from a
measured I-V curve, the slopes a,. and a,, at the short-circuit current position and the
open-circuit voltage position are to be measured. They are equal to

ds gl _gRI,IKT 1
= — = = ° shse +
e (dV jv_o ’T ¢ R, +R.’
- (5.40)
dl 1

_ _ qls gV, I KT
=\ == = oe +—
(s (dV j[o kT ¢ Rsh + Rs

This equation system includes no approximations and can be solved for R,
and R,

R = kT /ql..

ln{eqvoc/” —k—T(a —a )}

I‘ oc SC
?s , (5.41)
Ry = -R,.
qIS V. kT —gR,I,. /kT ;
a,. +a ——(e‘fm + e )
oc SC kT

For calculating these resistances, we just need the saturation current I. Therefore,
we keep the light on (illuminated cell: /; # O) and switch the voltage off (short-circuit
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condition: V =0). Then, Equation 5.39, I, = I, (e™RsseT — 1) — [, , and Equation 5.41
result in

kT
Lo+1 + " (a, ~a,
. wth+ an—a) (5.42)

N e?Ve KT _1

without approximations. For a given electron charge, g, and temperature, 7, the satu-
ration current, /—and further the serial resistance, R, and the shunt resistance,
R, —is only dependent on measurable values (V,, I, a,., a,) and on the lumines-

cence current, ;. So, with a given luminescence current, we have got all physical
values to calculate the real /-V curve with Equation 5.39; see Figure 5.11.

MAXxIMUM POWER RECTANGLE

According to Equation 5.39 the electrical power for a solar cell is
R v (5.43)
P=Iv=1] RIXT 1 PV + :
V=1Ly ) Ry, + R,

Increasing the voltage, V (and the current, /), during a measurement of an illumi-
nated cell, causes a switch of the algebraic sign from positive, via negative, to
positive.

The cell consumes power, for positive signs—and it generates power, for negative
signs. In order to calculate the maximum of the generated power, we have to differ-
entiate the power with respect to the voltage, dP/dV =0, and set the result to zero.
This leads to the first equation, of a 2 X 2 equation system, for the current /, and the
voltage U,; the second equation is given by Equation 5.39

I, +1,.-2U_/|(R,+R
I:Uerlen(L ,—2U, (R, s)],

" R ¢qR I,(1+qU,, /kT) (5.44)
U
— G(Un =R, )IKT _ 1) _ _Ym
I, Is(e 1) IL+RSh+RS.

Solving this equation system allows us to calculate a just theoretical value for the
maximum power, p,, =1 U, . Practically, the measured or calculated /-V curve is
used to calculate an according power—voltage curve (P-V curve). The minimum of
this P-V curve, a negative value, provides the maximum power P,

With an adequate load resistance, R, that is, with a fitting snubber circuit, the
operating point of the cell can be placed at the maximum power point (U,,, 1,,), what
maximizes the energy generation.

The better the maximum power rectangle P, = I,,U,, fits into the power rectangle
P=1,U,, which is built by the open-circuit voltage, U, and the short-circuit cur-
rent, I, the higher is the fill factor

s Lgeo

co

F = —_—m=m 5.45
F P 1 l]oC ’ ( )

sc
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TABLE 5.3
Optical Power Density, p,,.., of the Sunlight upon the Earth’s Surface,
Dependent on the Weather

Psolar (WM2) Sunny Cloudy Overclouded
Summer 600-1000 300-600 100-300
Winter 300-500 150-300 50-150

Note: Tt also strongly depends on season and daytime—all listed values apply for noontime.

see Figure 5.11. Realistic fill factors are between 25% and about 94%. Very low fill
factors are typical for nearly linear /-V curves and according to Equation 5.39, due
to high serial resistances, R, or low shunt resistances, R,. High serial resistances
may be provoked by inadequate materials or material combinations (Schottky con-
tacts), which provide very low—charge mobilities, [L. On the contrary, low shunt
resistances are due to insulation losses or tunneling currents.

In order to reach high conversion efficiencies,

Rﬂ — ImUm — FF I.YL'U()L'
P, P, P ’

solar solar solar

(5.46)

the three physical values of the numerator (fill factor, short-circuit current, and open-
circuit voltage) have to be optimized, technologically. The solar power density can
be assumed to be p,,,, =1000 Wm= for AM1.5g¢—which means at noontime on a
bright summer day in Asia, Europe, North-America, or Australia—higher toward
the equator, lower away from it. Moreover, the solar power density is dependent on
the weather; see Table 5.3, Figure 5.12.

SOLAR SPECTRUM AND [-V CURVE

The earth’s atmosphere is a complex optical filter for the solar spectrum. The
smaller the incident angle, y,, between the sunbeam and the surface of the earth,
the thicker is the effective atmosphere—the air mass, AM =1/siny,—which an
incident photon has to pass. For Asia, Europe, North America, or Australia at
noontime in summer, the air mass accounts to about AM1.5, that is y; = 41.8°; see
Table 5.4.

Sunlight beyond the earth’s atmosphere possesses AMO. AMO spectra are
applied for solar cells on satellites. Sunlight on the earth’s surface, filtered by the
atmosphere, provides by definition AM1.5g. The spectrum is called AM1.5d, when
reflections within the atmosphere are hidden from the detector. Figure 5.13 shows
these three spectra as functions of the wavelength, A, and the energy, E.

Generally, incident photons may be reflected by or transmitted through an
absorber layer of a solar cell. These photons do not contribute to electron genera-
tion. Only absorbed photons do, according to the absorption spectrum,
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FIGURE 5.12 Power density as a function of the voltage; the minimum of the (simulated) curve
provides a negative value, which indicates a maximum power density generation, p,,, of about
449 uUW cm™ at a voltage of U,,=84.1 mV. Then, the maximum power rectangle leads to a
maximum current density of j,, =0.543 mAcm~2, compare Figure 5.3. Taking a short-circuit
current density of j,. =0.924 mA cm™ and an open-circuit voltage of U . = 129 mV into account,
results in a fill factor of about FF = 38.3%. Relating the maximum power density, p,,, to the solar
constant, p,,;,» = 1000 Wm= = 0.1 W cm™2, leads to a conversion efficiency of, | = 45.7 X 103%.

TABLE 5.4
Solar Power Densities, p,,,., Depend on the Air Masses
Air Mass AMO AM1 AM1.5 AM2
s (deg.) X 0 41.8 =45 60
Peotar (W m2) 1353 925 X 844 691
°Potar (W m™2) 1367 X 1000 (943) (770)
Air Mass AM1.15 AM1.5 AM2 AM3 AM4
Ys (deg.) 60.8 41.8 30 19.5 14.1
‘Date Jun. 21 Apr. 1 Mar. 2 Jan. 30

Sept. 12 Oct. 12 Nov. 13 Dec. 22
Season Summer Spring/Autumn Winter

2 Sze, physics of semiconductor devices [18].

Irradiance-standard curve (ASTM 891/87), see Figure 5.1. The values within paranthesis were calcu-
lated using the formula, AM =1/ sing, where Yy is the angle between the sunbeam and the earth’s
surface.

The air masses are strongly dependent on season and daytime. Season values for central Europe are
shown.
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FIGURE 5.13 The air mass, AM, where sun rays have to pass on their way down to earth,
influences the solar spectrum. Typically, the air mass values are calculated with
AM = I/siny,; v, is the angle between the sunbeam and the earth’s surface. AMO represents
the spectrum from outside the atmosphere.

A(?») = 1—(R(7»)+T(7»)) <1, for wavelengths below A, or energies above the band
gap energy, E, = helh,, see [3,18,19,20]. Therefore, the solar power per area on
earth, p,,..,» accounts to

g

0

pearth = J‘I (7\") d"” (5 47)

Pase = 'TA (A)I(1)dn,

where only the power density, p,.., is absorbed; see Figure 5.14a. The difference,
Pearts — Pabs» CaNNOt be converted into electrical energy, due to reflections or transmis-
sions. Generally, these formulas hold for any kind of spectrum, I(A).

Typical absorber materials provide band gap energies of about E, = 1.37 eV (see
Figure 5.14b). Only photons, with natural multiples, x,, € IN, of these band gap ener-
gies, E = x,E,, contribute—ideally x, electrons—to the luminescence current.
Excess of energy , AE,, = E—x,E,, is converted in to heat. Using the integer func-
tion, which sets all internal decimal places to zero, results in

x,(E)=int(E/E,),
x,(E)=(E/E,)-int(E/E,) (5.48)
x(E) = x, (E)+x, (E).
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FIGURE 5.14 (a) Optical power density, p, as a function of the energy, E. The absorbed
power density, p,, is proportional to the amount of energy, which is converted by the solar
cell. (b) The absorption spectrum of the absorber layer, used within this solar cell. The legend
contains the sputter parameters for the absorber thin film.
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FIGURE 5.15 Optical power density, p, as a function of the energy, E. Shown are the totally
absorbed power density, p,,, the part of it, p, .. which is responsible for electrical energy
generation, and the part, p,, ., which is for sure transferred into heat.

So, the absorbed power density, p,,., can be split into two parts: The part with the
index el, which is responsible for generating free electrons, and the part with the
index th, which is exclusively transferred into thermal energy,

0

Par = [A() (1) g (1) 0,
N (5.49)

0

Paas = JA() (1) g, (1) a1,

oo

where g, (E)=x, (E)/x(E), g, (E)=x, (E)/x(E), see Figure 5.15.

QUANTUM EFFICIENCY

The number of photons, ny, .., which reaches in a certain time, ¢, a well-defined
area, A, upon the earth, is given by differentiation of the according power density
with respect to the energy of the incident light,

n _ dp earth
ph.earth — ’
dE (5.50)
_ dp abs
nph,abs -

dE ’
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FIGURE 5.16 Number of photons per area and time; shown are those on the earth’s surface,
T carths @Nd those absorbed by the absorber thin film, n,, ,,, as a function of energy, E, and
wavelength, A.

See Figure 5.16. An equal expression is given for the number of absorbed photons,
Ty abs» PET time and area. Again, n, ..., can be split into a part, which is responsible

for free electron generation, n, ., and a part, which just produces thermal energy,

nph,abs,th'

n _ dp abs el
ph,abs.el — ’
dE (5.51)
_ dp abs ,th
nph,abx,th - T

Integration over n, spee leads—toward the high-energy end of the solar
spectrum—to the number of photons, which potentially may generate free elec-
trons; see Figure 5.17.

oo

Mg (E)= Y Mpassr (E) (5.52)

E=0

But not every photon, which is potentially able, generates a free electron, contrib-
uting to the charge transport. The quotient of the number of actually, per time and
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FIGURE 5.17 (a) Number of photons per area and time; shown are those absorbed by the

absorber thin film, n, . and those potentially able to generate electrical energy, n

ph,abs,el?

and those, transferred into thermal energy, 7, .. as a function of energy, E=hc/A.

(b) Integration over n

ph,abs,el

provides, at the high-energy end, the number of ideally generated

electrons. The correspondent luminescence current, I, ;,, is shown too.
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area, generated charges, n,, to the number of incident photons, My g PET time and
area, is called the quantum efficiency,

Y = nq(’ — qen‘b — jL
nph,q(, qenph,qe JL,ph
2 (5.53)
jL,phA IL,ph

Consecutively, the quotients of the luminescence current densities, j., ji, ,, and
the luminescence currents, I, I, i Can be calculated. As the luminescence current,
I, , can be measured with /-V measurements from illuminated solar cells (intersec-
tion point with the current axis) and the luminescence current, I, ,,, can be calcu-
lated using the solar spectrum and the absorption spectrum of the absorber material
(see above), the quantum efficiency, ¥, can be evaluated directly using Equation 5.53.

Moreover, the wavelength- or energy-dependent quantum efficiencies, Y(A) or
Y(E), can be calculated, using n ., . is the wavelength- respectively energy-depen-
dent “number of absorbed photons per time and area that may generate free electrons.”

Wavelength A (Lm)
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FIGURE 5.18 Energy-dependent quantum efficiency Y(E) for a solar cell with sput-
tered Sn, S, absorber thin film (sputter parameters are shown within the legend). The
measurements were made with the solar spectrum (AMI1.5g). According to the I-V
curve, the luminescence current, /,, can be evaluated to I, =j A=0.144mA and
the luminescence current, I, ,,, accounts to 0.145A. So, the quantum efficiency can
be calculated Y =1/l ,;, =0.0993%, and the energy-dependent quantum efficiency
Y(E) = (N avs el (E)p g )Y = (M s 1 (E)/3.60 X102 m™257') X 99.3m%.
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So, the energy-dependent quantum efficiency, see Figure 5.18, can be estimated
using

()= "enea (E)

Mphg,

¥ (5.54)

REFERENCES

. M. Born, Optik, 3. Aufl., ISBN 3-540-05954-7, Springer-Verlag, Berlin, 1985.

. E. Hecht, Optik, 4. Aufl., ISBN 3-486-27359-0, Oldenbourg Verlag, Miinchen, 2005.

. A. Stadler, Analysen fiir Chalkogenid-Diinnschicht-Solarzellen, 1. Aufl., ISBN 978-3-

8348-0993-3, Vieweg + Teubner, 2010.

4. A. Schiitz, Einsatz der reflektometrischen Interferenzsektroskopie (RIfS) zur markier-
ungsfreien Affinitdtsdetektion fiir das Hochdurchsatzscreening, Dissertation, Eberhard-
Karls-Universitit Tiibingen, 2000.

5. S.A. Scheer, The design of a cost effective multi wavelength development rate monitor-
ing tool, Thicknessdetection.com, 2005.

6. HJ. Muffler, Umsetzung und Funktionsprinzip eines alternativen Material- und
Abscheidekonzepts fiir Pufferschichten von Solarzellen, Dissertation, Freie Universitit
Berlin, 2001.

7. J. Rostalski, Der photovoltaisch aktive Bereich molekularer organischer Solarzellen,
Dissertation, Rheinisch-Westfilische Technische Hochschule Aachen, 1999.

8. H.H. Perkampus, UV-VIS Spectroscopy and its Application, ISBN 3-540-55421-1,
Springer-Verlag, Berlin, 1992.

9. W. Gottwald, K.H. Heinrich, UV/VIS-Spektroskopie fiir Anwender, ISBN 3-527-28760-
4, Wiley-VCH, Weinheim, 1998.

10. J. Szczyrbowski, Determination of optical constants of real thin films, J. Phys. D: Appl.
Phys., 11, 583, 1978.

11. R. Swanepoel, Determination of the thickness and optical constants of amorphous sili-
con, J. Phys. E: Sci. Instrum., 16, 1214, 1983.

12. M. Kubinyi et al., Determination of the thickness and optical constants of thin films
from transmission spectra, Thin Solid Films, 286, 164—169, 1996.

13. D. Poelman et al. Methods for the determination of the optical constants of thin films
from single transmission measurements: A critical view, J. Phys. D: Appl. Phys. 30,
1850-1857, 2003.

14. AN. Banerjee et al., Electro-optical characteristics and field-emission properties of
reactive DC-sputtered p-CuAlO, + x thin films, Elsevier Phys. B, 370, 264-276, 2005.

15. X.W. Sun et al., Optical properties of epitaxially grown zinc oxide films on sapphire by
pulsed laser deposition, J. Appl. Phys., 86(1), 408-411, 1999.

16. V.A. Sokolov, Electrical conductivity of zinc oxide in atomic nitrogen, Russian Phys. J.,
DOI 10.1007BF00890479, 1158-1159.

17. J. Keradec, Contribution a I’étude expérimentale des alliages amorphes Ge, Te g mesures
electriques e photoélectriques, Thesis L’ Université Scientifique et Médicale de Grenoble,
1973.

18. N. Sze, Physics of Semiconductor Devices, ISBN 0-471-05661-8, John Wiley & Sons,
Inc., 1981.

19. N. Sze, Physics of Semiconductor Devices, ISBN-13 978-0-471-14323-9, John Wiley &
Sons, Inc., 2007.

20. D.K. Schroder, Semiconductor Material and Device Characterization, ISBN-13 978-0-

471-73906-7, John Wiley & Sons, Inc., 2006.

LN =

EngineeringBooksPdf.com



6 Sensing Applications
Using Photoacoustic
Spectroscopy

Ellen L. Holthoff and Paul M. Pellegrino

CONTENTS
INETOAUCHION.....eiiiiieeciieeeee ettt et e et e et e e sba e e easaeeesebeeensaeeenneas 139
Fundamentals of PhotoaCOUSHICS........cccuviiiiiiieiiieeeii et 140
Photothermal Phenomena..............ccccuvieeiiiiiiiieeiieeees e 140
Photoacoustic SPECLIOSCOPY - veeuveerviiriiiniieiiieriie ettt ettt ettt st 140
Experimental Arrangements for PA Detection............cccceeeceniencneencneeniennns 142
Radiation SOUICES......c.viiiiiiieeiiie ettt tre e e veeesaaeesssaeeas 143
ACOUSHC RESONALOTS .....uviieiiiieeiiieciite ettt ettt e e e e e e eereeeeaeeas 148
DBLECLOTS . ...vieutiieeiiee ettt ettt et ettt e e st e e et e e eta e e e abeeeensaeeessaaeasssesenssaeessseeeas 152
PA Sensing APPLICALIONS ......cc.eecveruieierieiinieie ettt 155
GaASEOUS SAMPILS.....viiiiiriiiiiieeieeite ettt ettt ettt st e sttt esibeebeesaee s 155
Liquid SAmPIEs......ooveriiiiiiiiiiiieeeceetee et 160
SOLId SAMPIES....veeeiiiieiieiieteeere ettt 161
Standoff DEtECION. ...cccuviiieiiieciiieecite ettt et e et e e ere e e aeeesereeesasaeeeneeas 163
Conclusions and OULIOOK ..........cccviieeiiiieiiiie ettt et eereeeereeeseseeeeneees 164
S (S 1S 1 Lo USSP 166
INTRODUCTION

In recent years, photoacoustic spectroscopy (PAS) has emerged as an attractive and
powerful technique well suited for sensing applications. The development of high-
power radiation sources and more sophisticated electronics, including sensitive
microphones and digital lock-in amplifiers, has allowed for significant advances in
PAS. Recent research suggests that PAS is capable of trace gas detection at parts-per-
trillion (ppt) levels [1,2]. Furthermore, photoacoustic (PA) detection of infrared
absorption spectra using modern tunable lasers offers several advantages, including
simultaneous detection and discrimination of numerous molecules of interest.
Successful applications of PAS in gases and condensed matter have made this a
notable technique and it is now studied and applied by scientists and engineers in a
variety of disciplines. Therefore, a substantial body of literature on PAS exists today.
The following discussion summarizes PAS and the experimental components and
arrangements for PA detection, as well as its use in the past 15 years for sensing
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applications. PA sensing, specifically laser-based PA sensing schemes, of gas, liquid,
and solid samples is reviewed, along with standoff detection methods. It is not our
intention to discuss PA theory in great detail, as this has been presented in numerous
publications on the topic. Instead, we hope to provide the reader with a general
understanding of PAS as it applies to sensing.

FUNDAMENTALS OF PHOTOACOUSTICS

PHOTOTHERMAL PHENOMENA

One should always begin discussion on photoacoustic or optoacoustic spectroscopy
with a more general discussion on the phenomenon of spectroscopy, namely photother-
mal spectroscopy. Photothermal spectroscopy encompasses a group of highly sensi-
tive methods that can be used to detect trace levels of optical absorption and
subsequent thermal perturbations of the sample in gas, liquid, or solid phases. The
underlying principle that connects these various spectroscopic methods is the mea-
surement of physical changes (i.e., temperature, density, or pressure) as a result of a
photo-induced change in the thermal state of the sample. In general, most scientists
classify photothermal methods as indirect methods for detection of trace optical
absorbance, because the transmission of the light used to excite the sample is not
measured directly. On closer inspection, a counter position asserting that these tech-
niques may be a more direct measure of optical absorption could be appropriate due
to its sole dependence on optical absorption and its immunity to optical scattering
and reflections. Examples of photothermal techniques include photothermal interfer-
ometry, photothermal lensing, photothermal deflection, and photoacoustic spectros-
copy. All photothermal processes consist of several linked steps that result in a
change of the state of the sample. In general, the sample undergoes an optical excita-
tion, which can take various forms of radiation, including laser radiation. This radia-
tion is absorbed by the sample placing it in an excited state (i.e., increased internal
energy). Some portion of this energy decays from the excited state in a nonradiative
fashion. This increase in local energy results in a temperature change in the sample
or the coupling fluid (e.g., air). The increase in temperature can result in a density
change and, if it occurs at a faster rate than the sample or coupling fluid can expand
or contract, the temperature change will result in a pressure change. Figure 6.1 pic-
torially shows the process associated with photothermal phenomena. As mentioned
above, all photothermal methods attempt to key in on the changes in the thermal
state of the sample by measuring the index of refraction change as with photothermal
interferometry, photothermal lensing, and, photothermal deflection; temperature
change as with photothermal calorimetry and photothermal radiometry; or pressure
change as with photoacoustic spectroscopy [3].

PHOTOACOUSTIC SPECTROSCOPY

In order to generate acoustic waves in a sample, periodic heating and cooling of the
sample is required to produce pressure fluctuations. This is accomplished using
modulated or pulsed excitation sources [4—6]. The pressure waves detected in PAS
are generated directly by the absorbed fraction of the modulated or pulsed excitation
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Optical excitation
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Excited state relaxation
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FIGURE 6.1 The basic process for signal generation with photothermal spectroscopy.
Following absorption of radiation of the appropriate wavelength, the sample undergoes non-
radiative excited-state relaxation resulting in temperature, density, and pressure changes.
(Adapted from Bialkowski, S. E., Photothermal Spectroscopy Methods for Chemical
Analysis, Vol. 134, John Wiley & Sons, New York, 1996.)

beam. Therefore, the signal generated from a PA experiment is directly proportional
to the absorbed incident power. However, depending on the type of excitation source
(i.e., modulated or pulsed), the relationship between the generated acoustic signal
and the absorbed power at a given wavelength will differ [7]. The theory of PA signal
generation and detection has been extensively outlined in the literature [3,8—11] and
will not be discussed here.

The oldest application of photoacoustics dates back to Alexander Graham Bell’s
photophone ca. 1880 [12]. This communication device used Bell’s discovery of the
PA effect when he filled a transparent tube with various materials and modulated
the light impinging on this tube. The effect saw little activity during this period until
the advent of the laser with a notable exception of Viengerov’s study of absorption in
gases in the late 1930s, which represents the first example of PAS [13]. The first stud-
ies involving lasers were performed by Kerr and Atwood [14], but the technique
gained more popularity when Kreuzer detected methane (CH,) and ammonia (NH;)
by laser excitation at parts-per-billion (ppb) and sub-ppb levels, respectively [15].

Early work by Kreuzer [8,15-18] demonstrated the analytic power of PAS in
gases, but the technique can also be applied readily to liquids and solids. PAS in
these phases can be accomplished using both a direct and indirect coupling method.
Direct coupling is the most straightforward and, as the name implies, the acoustic
wave generated in the sample is detected by a transducer in direct contact with the
solid or liquid sample. Since the acoustic wave generated in the sample never crosses
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a high-impedance interface, it is easily detected by the transducer. In comparison,
indirect coupling methods are not as straightforward. In fact, this method was dem-
onstrated at the onset of photoacoustics by Bell, but was not rediscovered until Parker
noted increased signal contributions from his cell windows in his gaseous PAS
experiments [19]. One possible explanation for its elusiveness may have been the fact
that the original acoustic wave is not the origin of the main signal in an indirect PAS
method. Usually, there is a large acoustical impedance at the sample—fluid interface
such that most acoustic energy will be reflected back into the sample. The indirect
PA detection of liquids or solids relies on the gas-coupling method and is explained
clearly by Rosencwaig as the gas—piston model [10]. In this model the periodic heat-
ing of the sample surface occurs within a diffusion length of the surface and this
thermal wave is responsible for the subsequent heating of the layer of gas directly
above the surface (diffusion length in the gas). The periodic expansion in this gas
layer produces an acoustic wave that can be detected using standard gas-phase
microphones.

EXPERIMENTAL ARRANGEMENTS FOR PA DETECTION

In comparison with other photothermal techniques, which measure the changes in
refractive index or temperature using combinations of probe sources and detectors,
PAS measures the pressure wave produced by sample heating. Although the basic
experimental embodiment of PAS can take many forms, several key elements are
constants. This typical setup has been discussed in the literature [6,11,20-22].
Figure 6.2 shows the main components of a PAS apparatus. An excitation source,
usually a laser or filtered lamp, is either modulated or pulsed and directed at a sample
cell. The resultant pressure wave, which is created due to sample heating, is detected
by a pressure transducer, in most cases a microphone, of the appropriate frequency
response. The signal generated by the microphone is proportional to the amplitude

Photoacoustic
cell
Excitation S—— Power
source meter
Lens \
Microphone
L Lock-in
amplifier PC

—\

FIGURE 6.2 Simplified diagram of a typical photoacoustic sensor system with microphone
detection. Electronic connections are indicated by a solid line.
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of the pressure wave, but other information is contained in the phase and delay of the
wave as well. This information is captured either by lock-in amplification or by use
of a gated accumulation, such as a boxcar amplifier. Sample cells can take the form
of a simple sealed tube or a complex resonant chamber or multipass cell (see Section
“Acoustic Resonators”). Resonant PAS has gained favor due to the possible increase
in signal using simple acoustic resonators with modulated excitation at the matched
acoustic frequency. In the example shown in Figure 6.2, a personal computer is used
to read and record the voltage outputs from the lock-in amplifier and a power meter
is used to measure the transmitted laser power, which allows for normalization of the
PA signal for any residual drift associated with the excitation source. Different adap-
tations of this basic scheme have been presented in the literature. The main features
are summarized in the following subsections.

Radiation Sources

The first step in a PA experiment is the introduction of light. The main criterion for
the starting point of PAS is that the molecules of interest need to be excited electroni-
cally, vibrationally, or rotationally. In the broadest sense, this light can be at many
different wavelengths and even span large differences in imparted energy (e.g., ultra-
violet through the infrared). Once excited, numerous pathways exist for the energy to
dissipate, but a preponderance of the light energy is removed through a nonradiative
pathway or through sample heating, which is the basis for all photothermal pheno-
mena, including PAS. Light sources can take various forms depending on the appli-
cation at hand. A selection of the common examples currently used for PA sensing is
briefly outlined in the following paragraphs.

There are two main categories of light sources used for PAS: broadband sources,
such as lamps, and narrow band laser sources. The general category of lamps
includes the following: arc lamps, filament lamps, and glow bars. These sources
were some of the first sources used to study the phenomenon of PAS [13] and have
several advantages and disadvantages. The broadband output of these sources can
be significant (e.g., ultraviolet to infrared) and in most cases can potentially cover
all regions of interest for optical excitation and subsequent PA examinations. These
sources are generally inexpensive and, depending on the overall wattage required,
can be somewhat compact in size. Unfortunately, lamp sources also have low spec-
tral brightness, require spectral selection through the use of filters or monochroma-
tors, and are usually restricted to low source modulation frequency and optical
efficiencies. Despite the advent of the laser, lamp-based PAS is still a technique that
is used with some regularity. The combination of PA measurements with Fourier
transform infrared (FTIR) spectrometers is proof of this viability. In fact, PA
attachments have become a standard part of FTIR instrumentation. It is also inter-
esting to note that one of the few commercially available PA instruments is based
on a lamp-filter architecture [23].

Although lamp-based PAS is still common, modern PAS research has been
mainly carried out using laser sources. The remainder of this section focuses on
these sources and their various formats in more recent PA examinations. As with
lamps, lasers have numerous advantages, but also present some disadvantages. Some
of the key advantages of these sources are their large spectral brightness, collimated
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output, ease of modulation, and narrow spectral linewidth. Disadvantages include
expense and limited tunability; however, these are not a generic quality of every laser
architecture. As mentioned previously, PAS can be performed as a pulsed or modu-
lated measurement with respect to the light excitation. That allowance is seen vividly
in the sources used for PA experimentation. Early work in the detection of gases used
a variety of these sources, including pulsed and continuous wave (CW) dye laser
sources [24,25] and CW laser sources, such as grating-tunable carbon monoxide
(CO) and carbon dioxide (CO,) [17] and helium—neon He—Ne [15] lasers. These
sources usually provided reasonable or even high power levels, some limited tun-
ability, and were based in the near-infrared or infrared wavelength regions. All these
features allowed for some level of spectroscopic studies to be performed. This type
of activity continued for years, but as laser technology matured, examinations using
other types of lasers became more prevalent. Several PA studies involving liquid and
solid samples, which require more laser irradiation, used solid-state sources such as
neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers. The harmonics or
pumping of an optical parametric oscillator enables tuning of these sources.
Semiconductor lasers based off of a direct bandgap transition with various feedback
mechanisms (e.g., distributed Bragg reflectors, distributed feedback reflectors) were
used for numerous studies, especially with regard to the study of atmospheric or
small molecular gas targets that could be identified with tuning ranges from frac-
tions to single-integer per centimeter (see Table 6.1). This type of tuning was easily
accomplished by current and/or temperature tuning of the laser diode. Occasionally,
efforts used other laser sources such as lead-salt diode lasers, which are centered in
the infrared and theoretically can be tuned through mode-hopping over a larger
spectral band; however, these sources were plagued by cryogenic cooling require-
ments and low output powers (e.g., 0.1 mW typically) [26].

In 1994, the introduction of the quantum cascade laser (QCL) changed the pros-
pects of laser photoacoustics and, in general, infrared spectroscopy. In that year,
Bell Labs first demonstrated the QCL as a new infrared laser source [27]. Since that
time, continuing and aggressive evolution has been occurring. This type of laser
was a complete departure from its semiconductor laser cousins. In this type of laser
architecture, the sole use of material combinations to achieve changes in the band-
gap, and thus emitting wavelengths, is abandoned for a more elegant approach of
creating intersubband levels through the structuring of the active region with ultra-
thin layers known as quantum wells. Since these levels are created using methods
for precise layering and solely involve movement of the electron in the active region,
it can be recycled and injected into the next active region allowing the laser archi-
tecture the ability to have a “cascade” effect and produce numerous photons per
electron [28,29]. Figure 6.3 provides a simplistic graphical picture of such a cascade
structure.

There have been numerous government programs run by different agencies (e.g.,
Defense Advanced Research Projects Agency) that have addressed many aspects of
QCL performance, including thermal management, overall optical efficiency, beam
handling, and other advances in gain media production. This funding has provided
investment to various researchers and companies to increase the QCL’s capability
and availability during this time period. In and around 2005, another breakthrough
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Quantum well

Electron
enters
l /\/\N\/Light emitted
Laser / —_—

transition

l/\/\/\/\/

_—
Electron
tunnels /T \N\N\N\
l Upper energy level
_

Lower energy level

FIGURE 6.3 Simplified depiction of subband transitions within a quantum cascade struc-
ture. Elections emit a cascade of photons as they undergo subband transitions while passing
through a stack of quantum wells. (Adapted from Hecht, J., Laser Focus World 2010,
45-49.)

was realized by one of the originators of the QCL at Bell Labs, Federico Capasso
[30]. His group, now at Harvard, demonstrated growth of the QCL commercial semi-
conductor fabrication that is generally accomplished with a metal organic vapor pro-
cess as opposed to the molecular beam epitaxy growth found previously. Finally, the
research into these sources has experienced steady escalation, as can be seen with
the increase in publications dedicated to QCL sources: 2006 (350 publications), 2007
(478), 2008 (551), 2009 (581). New developments are taking place at a ferocious pace
with QCL arrays being one of the newer breakthroughs [31].

The QCL has matured to a level at which numerous companies can produce gain
material for laser systems both in the United States (e.g., Adtech Optics, Maxion
Technologies, Inc.) and abroad (e.g., Alpes Lasers, Hamamatsu). Along with this
production, several companies have produced laser systems that are suitable for
spectroscopic purposes (e.g., Daylight Solutions, Inc., Pranalytica, Inc., and Aples
Lasers, Inc.). The current state of the art for external-cavity (EC) grating-tunable
QCL systems has been shown by Daylight Solutions, Inc. (San Diego, California),
which has demonstrated routine tuning of a single-gain element QCL system produc-
ing 20% center bandwidth tuning. The current laser systems operating in our labora-
tory produce emissions from 1015 to 1240 cm™ (9.85-8.06 um) (a 225 cm™ span)
and from 1351 to 1612 cm™ (7.4—6.2 um) (a 260 cm™ span). The company has also
demonstrated increased capability upward of 349 and 500 cm™ tuning spans using a
single elementin the 8—12 umand the 3—5 pmregions, respectively. Spectroscopically,
these sources could have dramatic impact on PA research due to their wide tuning
over pertinent regions in the infrared. The resolution of well-constructed systems
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can tune continuously and without mode-hoping over the whole tuning band with a
nominal resolution of ~1 cm™. This resolution is a compromise associated with the
output format, which is normally restricted to low-duty cycle pulsed or CW opera-
tion. This restriction is directly associated with the inefficiency of the laser source
(<10%) and its thermal effect on the feedback mechanisms. The localized heating of
the element will change output wavelength and “pull” the laser to hop unless it is
pulsed short enough to avoid large heating or operated in a continuous fashion, which
establishes thermal equilibrium. Power output of spectroscopic sources has gener-
ally been moderate; 10 s of milliwatt average power and of the order of 100 s of mil-
liwatt peak pulsed power. This power has the potential to scale upward, but most
scaling has been done with nonspectroscopic sources, and so the ultimate power
potential is unclear.

PA sensing capability employing QCLs was identified early on and demonstra-
tions by Paldus et al. [32] using these sources can be seen as early as in 1999.
Although QCLs took years to evolve into their current state, work continued on PA
studies using these sources throughout this development cycle [33—42]. Recently, we
demonstrated that widely tunable QCL sources can achieve full spectroscopic dis-
crimination of gas analytes, due to their large tuning ranges (see Section “Gaseous
Samples”) [43]. Furthermore, these sources, operating in low-duty cycles, have dem-
onstrated that PAS based on lock-in amplification can still be performed and indeed
shows great promise.

Acoustic Resonators

An essential element of a PA sensor is the cell, which serves as a container for the
sample as well as the detector. Therefore, optimum design of a PA cell is necessary
to facilitate signal generation and detection. To date, a variety of cell configurations
have been reported for solid, liquid, and gas samples, including cells operated at
acoustically resonant and nonresonant modes, single- and multipass cells, and cells
for intracavity operation [1,11,44-51].

As is often the case for trace gas sensing, the detection sensitivity is limited by the
signal-to-noise ratio (SNR). High sensitivity can be achieved in nonresonant gas
cells; however, noise sources (e.g., amplifier noise, external acoustic noise) show a
characteristic 1/f frequency dependence resulting in a small SNR. Furthermore, light
absorption at the cell windows and walls results in a background signal, which is
difficult to separate from the PA signal generated by the gas sample itself [45]. An
improvement in the SNR of the cell can be achieved with cell design modifications.
Stray reflections can be reduced using Brewster windows [52], and acoustic baffles
[53] and “windowless” [54] or open cells [55] will minimize the effect of window
heating noise. Meyer and Sigrist [56] modified the “windowless” PA cell by adding
a buffer volume on either side of the central cylinder. In this design, both the laser
beam and the gas sample flow enter and exit the cell at nodal positions of the cell’s
operating first radial mode. With this configuration, the authors minimized flow
noise and allowed for gas flow rates of up to 1 L/min without a decrease in the SNR.

Applying higher modulation frequencies and acoustic amplification of the PA sig-
nal will also result in an improved SNR. When the modulation or pulse frequency is
the same as an acoustic resonance frequency of the PA cell, the resonant eigenmodes



Sensing Applications Using Photoacoustic Spectroscopy 149

(i.e., acoustic modes) of the cell can be excited, resulting in an amplification of
the signal [57-60]. The resonance frequencies are dependent on the shape and size
of the PA cell. The most commonly used resonator is the cylinder. Figure 6.4 illus-
trates the longitudinal, azimuthal, and radial eigenmodes that occur in a cylindrical
cell. The theoretical determination of the corresponding eigenfrequencies of these
modes has been discussed in detail elsewhere [61]. In order to achieve signal amplifi-
cation, resonant PA cells operating on longitudinal, azimuthal, or radial resonances
have been developed. Furthermore, Helmholtz resonators are widely used. A general
description of these acoustic resonators has been discussed elsewhere [45]. Cells have
also been designed for multipass or intracavity operation [44,62,63]. In the following
paragraphs, some selected examples of PA cell designs are discussed in more detail.
The sensitivity of a PA sensor is strongly dependent on the geometry of the PA
cell and the pressure distribution in the cell must be understood for optimization.
Various PA cell modeling approaches have been investigated for the systematic opti-
mization of PA cells. Bijnen et al. [1] examined a PA cell configuration similar to the
design introduced by Meyer and Sigrist [56]. The authors applied acoustic transmis-
sion line theory [64] pertaining to experimental results from a cylindrical resonant
PA cell excited in the first longitudinal mode. Numerous approaches to optimize a
PA cell for trace gas detection were investigated, resulting in suggested parameters
for the construction of a small and sensitive resonant cell with a fast response time.
The criteria considered for the geometry of the cell were dependent on various back-
ground and noise sources (e.g., window absorption signal, AR window reflection,
absorption of radiation at resonator wall, chopper noise, gas sample flow noise, labo-
ratory noise), which lower the detection limit. The authors reported the relationship
between buffer length (/, ;) and resonator length (/,.,) for optimal window signal sup-
pression; /., =2 I (.. >> 1,es), Where r, is the radius of the resonator. A larger gas
absorption signal is achieved for a resonator having a small radius; however, the limit
for r,., is mainly determined by the wings of the laser’s Gaussian beam profile
impinging on the cell wall. Therefore, r,., should be three times the beam waist. On
the basis of theoretical results of acoustic response upon varying buffer parameters,
optimal buffer length and radius (r,,;) were determined. The optimal buffer length
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FIGURE 6.4 Longitudinal, azimuthal, and radial acoustic modes of a cylindrical resona-
tor. (Adapted from Miklos, A., Hess, P., and Bozoki, Z., Rev. Sci. Instrum. 2001, 72(4),
1937-1955.)
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was reported to be A /4, where A, is the wavelength of the acoustical wave. The radii
of the buffer volumes should be deduced from r,; = 3r,.,. Further reduction of win-
dow signal was accomplished by positioning tunable air columns close to the win-
dows, which provide constructive interference with noise signals originating from
the windows. The length of these columns was best determined when the cell was
operated in the experimental setup. The authors achieved a fast time response by
placing the gas sample entry at the center of the resonator. Several notch filters were
used in line to minimize gas flow noise.

In conjunction with research to examine performance and design issues associ-
ated with microelectromechanical systems (MEMS)-scale PA cells, we fabricated
and tested a miniature non-MEMS (macro) resonant cell [65]. To date, limited
research has been done to demonstrate the feasibility of a miniaturized PA sensor.
The basic design for the macro PA cell is a modified version of the cell studied by
Bijnen et al. [I] Our design is a 1/4 scale down from the “Bijnen” cell, with
Tres = 0.75 mm and /.., = 30 mm. Experimental results suggested that miniaturization
of a PA cell is viable without a significant loss in signal and no adverse effects of the
size scaling were visualized in the optics or acoustics of the macro cell. We achieved
a detection limit of 65 ppt for sulfur hexafluoride (SF,) using this macro cell. We
investigated finite element method (FEM) and transmission line theory to model the
resonance structures for the macro PA cell [66]. Both models predicted a resonance
frequency around 5900 Hz, which is in good agreement with the first longitudinal
resonance of the acoustic cavity. Although we did observe the appearance of a large
mode around 6000 Hz, we were not able to verify the predicted value experimen-
tally, as this frequency was at the limit of our modulation ability.

Miklos et al. [67] introduced a differential PA cell specifically designed for fast
time response, low acoustic and electric noise characteristics, and high sensitivity.
The authors developed a fully symmetrical design in order to reduce flow noise and
electromagnetic disturbances. This configuration includes two acoustic resonators
with r,., = 2.75 mm placed between two A, /4 band-rejecting acoustic filters. Figure 6.5
presents this optimized differential PA cell. The gas sample flows through both
tubes, which produces about the same flow noise in both resonators; however, the
laser light passes through only one of them, thus generating the PA signal in only one
tube. The PA signal from each resonator is amplified with a differential amplifier,
and thus all coherent noise components in the two tubes are effectively suppressed.
In our PA sensor platforms for trace gas detection (see Section “Gaseous Samples”),
we have used modified versions of the differential PA cell developed by Miklos. In
one configuration, we fabricated an MEMS-scale version of the “Miklos” cell. Initial
examination of the scaling principles associated with PAS with respect to MEMS
dimensions indicated that PA signals would remain at similar sensitivities or even
surpass those commonly found in macro-scale devices [68—73]. Figure 6.6 includes
a photograph of the internal structure of the MEMS cell and the complete PA cell
package. The resonators have square cross sections with /=85 mm and
Tres = 0.465 mm. The cell had two germanium windows, which were attached to the
buffer volumes on either side of the resonator with epoxy. Tygon® tubing was con-
nected to the buffer volumes to allow for gas sample inlet and outlet flow. The
MEMS-scale PA cell was mounted on a printed circuit board, which allowed for
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FIGURE 6.5 Optimized differential photoacoustic cell geometry with two resonator
tubes and A /4 filters. (Adapted from Front Miklos, A. et al., AIP Conf. Proc. 1999 (463),
126-128.)

wiring the microphones to a power supply (AA battery) and a lock-in amplifier (via
modified BNC cables). Another cell design consisted of two open resonators having
square cross sections (/... =10 mm), each with r,,=0.432 mm. The resonator is
flanked on both sides by a buffer volume. To further suppress gas flow noise, the cell
had a convoluted, split sample inlet/outlet design [42]. For each of these MEMS-scale
PA cell designs, resonator and buffer volume dimensions were determined based on
the criteria presented for the “Bijnen” cell.

Recently, Gorelik et al. [74,75] offered a miniaturized resonant PA cell with an
internal volume of 0.6 cm?3. The cell consisted of flat optical windows and a shell,
which is a slanted section of a cylindrical tube. The length of the optical path inside
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FIGURE 6.6 Photograph of the internal structure of the microelectromechanical system-
scale cell and complete photoacoustic cell package.
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the cell was ~12 mm. The face and end planes of the tube section were cut to the tube
axis at an angle equal to the Brewster angle and the windows were attached to these
planes. The inclined geometry of this cell did not allow for the acoustic eigenmodes
to be classified as longitudinal or transverse. Instead, the cell eigenmodes were iden-
tified by the number of nodes given by intersection between the relevant standing
wave and the longest cell diagonal. The PA cell parameters were selected, with the
assistance of a numerical simulation, in order to enhance the cell performance of an
individual acoustic eigenmode.

There are numerous examples in the literature of PA cell designs for pulsed PAS
applications [24,76—80]. The authors suggest cell designs that differ from those uti-
lized for modulated PAS. The MEMS-scale PA cell designs developed for our PA
trace gas sensors have been used effectively with both modulated and pulsed sources.
These results are discussed in more detail in Section “Gaseous Samples.”
Furthermore, for some applications such as quartz-enhanced photoacoustic spectro-
scopy (QEPAS), limitations imposed on the PA cell design are removed because the
resonance frequency is determined by the transducer [81]. A commonly used
QEPAS-based spectrophone consists of a quartz tuning fork (TF) and a microreso-
nator, which is formed by one or two thin tubes. Initial studies demonstrated that the
use of a microresonator increased the QEPAS sensitivity at least 10 times. The
microresonator also isolates the TF from unintended acoustic resonances in the sen-
sor enclosure, which can otherwise distort the QEPAS signal [82].

PA studies on liquid and solid samples utilizing modified cell designs have been
reported. For example, Jalink and Bicanic [83] developed a PA heat pipe cell for use
with liquid samples having low vapor pressures, and Schmid et al. [84] utilized a
conventional 1 cm glass cuvette for construction of a PA sensor for opaque dyes.
Sanchez et al. [85] attached an aluminum absorber to polymer thick films. An
expanded helium—neon laser beam was directed to the aluminum surface to ensure
that the incident light beam generated a surface sample heating, resulting in sample
optical opaqueness. The sample-absorber system closed one of the 8-mm diameter
openings of a 2-mm-long cylindrical cell cavity and a glass window closed the other
cavity opening.

Finally, is it important to note the condition and quality of the PA cell surface.
These characteristics influence the background signal due to scattering and molecule
adsorption. Various cell materials and surface treatments and coatings have been
investigated [86].

Detectors

The acoustic waves generated in a PA cell as a result of the absorption of radiation
by a sample are detected by a pressure sensor. The appropriate choice depends on the
application (e.g., sensitivity requirements, ease of operation, ruggedness). A selection
of examples is briefly outlined in the following paragraphs.

The most widely used PA sensor scheme uses commercial microphones as pres-
sure sensors. Typically, a lock-in amplifier is used to detect a small voltage produced
by the microphone as a result of sample absorption of radiation. Microphone types
include miniature electret microphones (e.g., Knowles, Sennheiser, Intricon Tibbetts)
and condenser microphones (e.g., Briiel & Kjaer). These devices are easy to use,
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sensitive enough for PA studies of solids, liquids, and gases, and the responsivity
only weakly depends on frequency. The electret microphones fabricated for hearing
aids typically exhibit a flat frequency response between 20 Hz and 4 kHz. Certain
models (e.g., Knowles FG23629) display increased responsivity at higher frequencies
(~20 kHz). We have used this response to our advantage for our MEMS-scale PA
cells, which exhibit higher resonance frequencies due to decreased resonator lengths.
In most cases, the detection threshold of a PA system is determined neither by micro-
phone responsivity nor by electrical noise, but instead by other noise sources (e.g.,
external noise, window heating, absorption of desorbing molecules from the cell
walls, etc.).

In combination with our MEMS-scale PA sensor research, we examined the per-
formance of MEMS microphones [65]. In comparison with conventional condenser
and electret microphones, MEMS microphones provided a low-power alternative.
Although the MEMS microphones exhibited good performance up to their reso-
nance frequency, the sensitivity did not meet the levels obtainable by the electret and
condenser varieties. More recently, Pedersen and McClelland [87] presented an opti-
mized capacitive MEMS microphone for PA applications. Using analytical and
numerical calculations, the authors demonstrated that an MEMS device could be
designed with an SNR superior to that of state-of-the-art conventional microphones.
Compared to the Briiel & Kjaer 4189 capacitive microphone, the vibration sensitivity
of this MEMS microphone was reduced by more than 27 dB. The improvements in
the vibration sensitivity and SNR were achieved by greatly limiting the acoustic
bandwidth of the device.

Recently, alternative methods of transduction have been used. Kauppinen et al.
[88] and Koskinen et al. [89,90] replaced a capacitive microphone with a cantile-
ver-type pressure sensor made out of silicon. In this configuration, the sensor in
the cantilever microphone is a flexible bar. The typical dimensions for width and
length are a few millimeters, with a thickness of 5-10 um. The cantilever is sepa-
rated on three sides from a thicker frame with a narrow gap (3—-5 wm) and moves
like a flexible door due to the pressure variations in the surrounding gas (Figure 6.7).
The fabrication and characterization of the cantilever sensor is described in detail
elsewhere [91]. As the pressure changes, the cantilever bends but does not stretch.
A laser interferometer was used to measure the displacement of the cantilever. The
authors have achieved a limit of detection of 0.3 ppm and a normalized noise
equivalent sensitivity (NNEA) of 1.7 x 1071° cm'WAHz for CO, [92]. More
recently, this group used a dual-cantilever PA detection scheme and achieved a
0.5 ppm detection limit for CH, gas [93]. Lindley et al. [94] compared three PA
cells containing a single electret microphone, a differential dual microphone, or a
cantilever pressure sensor. The authors reported normalized sensitivities of
3.1%x 107, 1.7 % 107, and 2.2 x 10 cm™'W/VHz, respectively, for acetylene. The
cantilever pressure transducer demonstrated increased sensitivity close to two
orders of magnitude better than the electret single and differential microphone
arrangements. Although cantilevers exhibit superior sensitivity, PA cells contain-
ing these devices and the associated interferometric detection system are much
more expensive and fragile compared to a cell equipped with a conventional capac-
itive microphone.
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FIGURE 6.7 Dimensions of a cantilever-type pressure sensor. (Adapted from Kauppinen, J.
et al., Microchem J. 2004, 76(1-2), 151-159.)

QEPAS is another PA detection approach in which the microphone is replaced with
a quartz crystal TF. Kosterev et al. [81,95] suggested inverting the typical resonant PA
approach in which the absorbed energy is accumulated in the gas, and instead accu-
mulate the energy in a sharply resonant acoustic transducer. This approach removes
limitations imposed on the PA cell by acoustic resonance conditions because the reso-
nant frequency is determined by the TF. Therefore, the cell is optional in QEPAS and
is utilized only to separate the gas sample from the environment and control its pres-
sure. This approach allows for gas samples that are 1 mm? in volume. Crystal quartz
was chosen as a suitable material because it is a common low-loss piezoelectric mate-
rial and is mass produced and inexpensive. Furthermore, quartz TFs have become
common devices for atomic force and optical near-field microscopy and therefore are
well characterized [96]. Only the symmetric vibration of a TF (i.e., the two prongs
bend in opposite directions) is piezoelectrically active. Therefore, efficient excitation
of this vibration is achieved when the excitation beam passes through the gap between
the TF prongs. The pressure wave generated when the optical radiation interacts with
a gas excites a resonant vibration of the TF. This event is converted into an electric
signal due to the piezoelectric effect. This electric signal is proportional to the concen-
tration of the gas and is measured by a transimpedance amplifier. The initial feasibil-
ity experiments performed by Kosterev et al. [81] utilized a quartz-watch TF and
demonstrated an NNEA of 1.2 x 107 cm™'W/NHz for CH, gas. More recently, sensors
based on QEPAS were used to achieve NNEAs of 1.0 x 10~ and 3.3 x 10~ cm~'W/VHz
for CH, in humid gas and acetylene, respectively [82,97]. Petra et al. [98] have com-
pleted a theoretical analysis of QEPAS to calculate the optimal position of the laser
beam with respect to the TF and the phase of the piezoelectric current.

An interesting technique employing five stacked electromechanical films (EMFi)
as a microphone in a PA cell was introduced by Saarela et al [99]. The EMFi is a
flexible, cellular polypropylene film, approximately 70 um thick, with an internal
charge [100]. The film has two thin metal electrodes, which generate electric charges
when a dynamic force is applied to the film. The authors used a five-layer EMFi as a
transducer in a multipass PA cell and achieved a detection limit of 22 ppb and NNEA
of 3.2 x 10 cm™'W/\Hz for flowing nitrogen dioxide (NO,). The sensitivity can be
further enhanced by optimizing the number of layered films [101].

For PA applications such as studies on liquid and solid samples, the use of conven-
tional microphones was reported to be inefficient by Hordvik and Schlossberg [102]
and Farrow et al [103]. Both groups were concerned with acoustic impedance mis-
matching between the solid—gas or liquid—gas interface, resulting in most of the
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acoustic energy being reflected or absorbed back into the sample rather than trans-
ferred across the boundary. The authors demonstrated improvements in sensitivity
with the use of piezoelectric transducers in contact with solid and liquid samples,
respectively. Piezoelectric elements used in this manner offer the advantage of good
impedance matching. Similar to a conventional microphone detection scheme, a
lock-in amplifier is used to detect the voltage change produced by the piezoelectric
sensor. This direct coupling method is simple and there have been numerous studies
using piezoelectric elements in contact with liquids or solids for PA detection
[5,102,104—106]. More recent reports describing PA detection of solid samples uti-
lize conventional microphones [107-110] and the indirect coupling method described
by Rosencwaig [9,10]; however, piezoelectric transducers are still widely used for
liquid studies [84,111-114].

PA SENSING APPLICATIONS

There are numerous publications with thorough discussions on the use of PAS for
various applications [11,21,63,115,116]. We focus on conventional PA sensing, includ-
ing detection in gas, liquid, and solid media. We aim to summarize the state of the
art in detection by laser PA techniques in the laboratory and in the field. Because PA
sensing has evolved tremendously since the initial investigations, we have not
attempted to include every important reference.

GASEOUS SAMPLES

Investigations of gaseous species continue to be the most common application for
PAS. In Table 6.1, numerous examples of PA studies on gases are given. The table lists
the laser source with the corresponding wavelength or wavelength range, the laser
power, the analyte studied, the type of detector, and the minimum detectable concen-
tration. In the past, many investigations were performed with CO, lasers [63]; how-
ever, more recently, as evidenced by this truncated list, distributed feedback reflector
lasers, including diodes and QCLs, have become a popular choice for PA studies due
to their smaller size, room temperature operation, and the availability of a variety of
wavelengths. For example, Grossel et al. [159] used a CW distributed feedback reflec-
tor QCL for the PA detection of nitric oxide (NO). Wavelength tuning of the laser was
done with temperature scans, which afforded tuning of several cm™. Specifically, the
laser was operated between 100 and 150 K, resulting in tuning from 1856 to 1862 cm™!
(5.4 um region), which includes two doublets of the P branch of the NO band. The
power of this source was <3 mW. The PA cell was a Helmholtz resonator with a path
length of 10 cm; however, the authors placed a mirror behind the output window to
allow for a second pass of the light, resulting in an increased signal. The cell was
filled with certified mixtures of nitrogen (N,) and low concentrations of NO (102,
10.7, and 1.2 ppm) at atmospheric pressure. A laser PA spectrum was recorded for
100 ppm NO and was in excellent agreement with the calculated spectrum using the
parameters of the HITRAN database. The NO absorbance feature at ~1857.3 cm™
was used to determine sensitivity. A detection limit of 20 ppb was achieved for this
double-pass PA sensor configuration. More recently, the same authors used a room
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temperature QCL for the PA detection of CH, [160]. A Helmholtz resonator was again
used for the PA cell in these experiments. The thermoelectrically cooled laser was
operated between 243 and 303 K, and emitted between 1276 and 1283 cm™ (7.8 um
region). The laser power was 8 mW for a working temperature of 283 K. Two CH,
absorption features appear in this wavelength region at 1276.84 and 127747 cm™.
Data were collected using certified mixtures of CH, in air (2, 10, 20, and 100 ppm).
The authors achieved a CH, detection limit of 17 ppb. The ability of the sensor to
detect CH, and N,O in ambient air was also demonstrated and the laser PA spectrum
recorded for these species (315 ppb N,O and 1.85 ppm CH,) was in excellent agree-
ment with the calculated spectrum using the parameters of the HITRAN database.
Recent advances in QCL technology (see Section “Radiation Sources”) have
allowed for continuous wavelength tuning ranges of 2200 cm™. These broad tuning
ranges permit laser PA absorbance spectra of various analytes to be collected.
Figure 6.8 shows the laser PA spectrum for the standard nerve agent stimulant,
dimethyl methyl phosphonate (DMMP). The spectrum in Figure 6.8a was collected
as a pulsed EC-QCL was continuously tuned from 990 to 1075 cm™ (10.10-9.30 pm),
in 1 cm™ increments. DMMP has known absorption features in this wavelength
range, assigned to phosphorus—oxygen—carbon stretching vibrations. The source
operated at room temperature (thermoelectrically cooled) and the average optical
power was 1.35 mW. The spectrum in Figure 6.8b was collected as a CW-modulated
EC-QCL was continuously tuned from 1032 to 1070 cm™ (9.69-9.34 um). Due to the
mode hopping [161] nature of this source, we reduced the number of measured wave-
lengths, which was possible due to the broad absorption features of DMMP in this
wavelength region. The source required a compact chiller for cooling and had an
average optical power of 11.97 mW. The absorbance spectrum for DMMP, which
was recorded using an FTIR, is also provided in Figure 6.8a and b for comparison
with the PA data. There is good agreement between the laser PA data and the FTIR
spectroscopy absorbance spectrum. PA data were collected using a certified perme-
ation tube and N, as the carrier gas. The DMMP permeation device was placed in a
generator oven held at a constant temperature of 100°C. Varying calibrated flow
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FIGURE 6.8 Measured (a) pulsed and (b) continuous wave modulated laser photoacoustic
(PA) spectra (—) of DDMP. Data derived from our own PA measurements are compared to
FTIR reference spectra (— - - -).
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rates of the N, carrier gas from 200 to 600 mL/min governed the analyte concentra-
tion. A MEMS-scale differential PA cell (described in Section “Acoustic Resonators’)
was used for spectroscopic and sensitivity data collection. The cell had two resonator
tubes, both housing a commercial microphone. The DMMP absorbance maximum
in the QCL wavelength tuning range is 1053 cm™ (9.50 wm). Therefore, this wave-
length is best suited for continuous DMMP sensitivity monitoring. Minimal detect-
able DMMP concentrations of 54 and 20 ppb were achieved with the pulsed QCL
and CW-modulated QCL-based PA sensor systems, respectively. Although the
increased output power of the modulated CW laser afforded a better detection limit
than that obtained using the pulsed source, consideration of power consumption and
heat management favors the use of a pulsed QCL for future sensor development.
We used a similar PA sensing system to study Freon 116, a propellant analog and
a component commonly found in refrigerants. In Figure 6.9, the spectrum of Freon
116 was collected as a pulsed EC-QCL was continuously tuned from 1050 to 1240 cm™!
(9.52-8.06 um), in 1 cm™ increments. Freon 116 has known absorption features in
this spectral region, assigned to carbon—fluorine stretching vibrations in the mole-
cules. The source operated at room temperature (thermoelectrically cooled) and the
average optical power was 1.32 mW. The absorbance spectrum for this species,
recorded using an FTIR, is also provided in Figure 6.9 for comparison with the PA
data. There is excellent agreement between the PA and FTIR data. Both the FTIR and
PA spectra were recorded using a certified permeation tube and N, as the carrier gas.
The Freon 116 vapor was contained in a stainless-steel cylinder maintained at a con-
stant temperature of 100°C. Varying calibrated flow rates of the N, carrier gas from
50 to 1000 mL/min governed the analyte concentration. An MEMS-scale differential
PA cell was used for spectroscopic and sensitivity data collection. The Freon 116
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FIGURE 6.9 Measured laser photoacoustic (PA) spectrum (—) of Freon 116. Data derived
from our own PA measurements are compared to FTIR reference spectrum (— - - —).
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absorbance maximum in the QCL wavelength tuning range is 1115 cm™ (8.97 um).
We achieved a minimal detectable Freon 116 concentration of 19 ppb.

Although the microphone continues to be the most commonly used detector for
gaseous sensors, quartz crystal TFs and microcantilevers have also emerged as
desired transducers for trace vapor detection. Specifically, the combination of tun-
able QCLs used with QEPAS has become an attractive sensing scheme. Lewicki
et al. [36] reported a QEPAS-based detection of Freon 125 using a widely tunable
CW EC-QCL. The source was tunable between 1122 and 1257 cm™ (8.91-7.96 um)
and had an average optical power of 6.6 mW. Freon 125 has two broad unresolved
absorption bands within the tuning range of the laser. A calibrated reference mixture
of Freon 125 in N, (5 ppm) was used for the QEPAS experiments. The authors mea-
sured the laser PA absorption spectrum for the laser wavelength tuning range and
reported excellent agreement with a database reference. A minimal detectable con-
centration limit of 3 ppb was demonstrated for Freon 125. More recently, the same
authors developed a mid-infrared QEPAS sensor device for triacetone triperoxide
(TATP) detection [162]. The authors used two different EC-QCLs (pulsed and CW),
having different center wavelengths and tuning ranges. The average laser output
power was 5 mW. The two C—O stretch bands of the TATP molecule were detected
using an 8.4 um pulsed QCL with 75 cm™ tuning range. The O-O stretch band of
the molecule was detected using a 10.5 um CW QCL that could be tuned over
60 cm™. These tuning ranges allowed for these absorption features to be clearly seen
in the laser PA spectra. The authors report a TATP detection limit of 1 ppm using
this QEPAS sensor.

As discussed above, the wide tuning ranges of diode and QC lasers allow for laser
PA absorbance spectra of various analytes to be collected. Furthermore, this tun-
ability permits the simultaneous detection of several components in a gas mixture
and, if a proper wavelength region is chosen in which the absorption spectral features
are clearly identified, increased molecular discrimination. Boschetti et al. [163] pre-
sented the simultaneous PA detection of CH, and ethylene (C,H,) using a pulsed
diode laser. The source was mounted in an EC configuration allowing for a tuning
range of 5900-6250 cm™ (1.7-1.6 um) and a maximum output power of 3 mW. The
PA cell was a brass tube flanked on either side by a A,/4 buffer volume and the acous-
tic signal was detected by a microphone. The authors presented experimental spectra
of CH,, C,H,, and a mixture of the two in the same wavelength interval. Two clearly
separated features, the C,H, triplet at 6154.5 cm™ and the CH, triplet at 6157.2 cm™,
were observed, along with a partially convoluted spectral feature between 6156.2
and 6156.7 cm™. Sensitivities of 8 and 40 ppm were reported for the simultaneous
detection of C,H, and CH,, respectively. Mukherjee et al. [38] reported multigas
detection using QCL-based PAS. The authors demonstrated a nondispersive beam-
combining scheme by multiplexing five tunable CW EC-QCLs in the 6—11 um spec-
tral range. The power output of each laser was ~100 mW at room temperature. A gas
mixture containing ~3 ppb ammonia (NHj;), ~8 ppb nitrogen dioxide (NO,), ~20 ppb
DMMP, ~30 ppb acetone (C;HO), and ~40 ppb ethylene glycol (C,H,O,) was con-
tained in a PA cell and the PA signal of each species was detected in the mixture
using a piezoelectric transducer. Hanyecz et al. [164] also demonstrated a multicom-
ponent PA gas sensor in which the analysis of water vapor (H,O vapor), CO, CO,,
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and CH, was carried out using two CW distributed feedback reflector diode lasers
[164]. One of the diode lasers had a 20 mW output power and emission around
1371 nm. This source was used for measuring H,O vapor and CH,. The second laser
had a 40 mW output power and emission around 1581 nm, and was used for measur-
ing CO and CO,. The laser wavelengths were tuned by tuning the temperature. The
authors used a stainless-steel resonant PA cell and a microphone for PA signal detec-
tion. The geometry of the resonator was designed specifically for data collection in
hydrogen carrier gas. Calibration gases were produced by mixing high-purity gases
obtained from cylinders and regulating the flow rates with mass flow controllers. The
authors collected PA absorption spectra for the gas mixture and reported minimum
detectable concentrations of 0.003% for H,O vapor, 0.13% for CO, 0.16% for CO,,
and 0.06% for CH,.

Multivariate analysis permits simultaneous analysis of multiple components and
is therefore an attractive tool for distinguishing several analytes based on spectral
differences. Recently, we have utilized the partial least-squares 2 regression method
to develop a model for the simultaneous differentiation of acetic acid (C,H,0,),
C;H,O, 1,4-dioxane (C,H;0,), and vinyl acetate (C,H,O,) based on their absorbance
features from 1050 to 1240 cm™ (9.52-8.06 um) acquired experimentally using a
pulsed EC-QCL and a MEMS-scale differential PA cell [41]. Figure 6.10 presents the
laser PA spectra collected for these species in this wavelength region. The absorption
features for these molecules in this wavelength region are assigned to carbon—carbon
and carbon—oxygen stretching vibrations. We used training samples (PA spectra)
having a wide range of analyte concentrations as the basis to develop this model. The
model simultaneously uses four algorithms, each devoted to the identification of a
particular species. It is the concurrent application of the algorithms that facilitates
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FIGURE 6.10 Laser photoacoustic spectral absorption features of acetic acid (- - - -),
acetone (—), 1,4-dioxane (— — — —), and vinyl acetate (— —) in the 1050-1240 cm™ (9.52—
8.06 um) region.
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the classification (i.e., identification) of unknown spectra. A model using 1-10 factors
or principal components was constructed for the prediction of the analytes of inter-
est. Scores for the first three principal components are plotted in Figure 6.11.

This plot illustrates four distinct groups, defined for C,H,O, C;H,O, C,H;0,, and
C,H(O,. These results confirm that the spectral features of the four analytes, and
therefore their molecular compositions, are different. We evaluated the performance
of the model and the ability of our QCL-based miniaturized PA sensing platform for
the simultaneous detection and discrimination of multiple species. We introduced
mixtures composed of known concentrations of the four analytes of interest, which
were used to challenge the model. The model accurately discriminated between
species having similar molecular components and identified specific analytes in
mixtures and their concentrations.

LiQuiD SAMPLES

Investigating liquids using the PA technique is attractive as it allows optical absorp-
tion measurements to be made for optically opaque samples. This capability of PAS,
along with its insensitivity to scattered light, makes this technique a very attractive
spectroscopic tool for the investigation of liquids. For instance, in industrial applica-
tions where ultraviolet—visible online process monitoring is hampered by light scat-
tering and opacity of samples, PAS allows for the measurements of both high and
low absorptions and no need for sample preparations. Schmid et al. [84] described
the construction and characterization of a PA sensor for optical absorption measure-
ments in transparent and opaque liquids. A Q-switched frequency-doubled Nd:YAG

Acetone
Acetic acid
Vinyl acetate
1,4-dioxane

»H>O

120

60

40
S
X-expl: 91%, 7%, 1%

Y-expl: 35%, 27%, 13%

FIGURE 6.11 Scores plot for the partial least-squares 2 model, using the first three calcu-
lated principal components (PC). Data points for each analyte are encircled in lobes as a
guide to the eye and convey no direct information.
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laser was used for excitation. The pulsed source had an emission wavelength of
532 nm. A glass cuvette with piezoelectric transducers placed on two sides was used
to contain the samples for PA data collection. The samples were aqueous solutions of
a black textile dye with concentrations in the range of 20 mg/L to 1.34 g/L, aqueous
solutions of red textile dye in the range of 100 mg/L to 50 g/L, and suspensions of
TiO, in water. The PA sensor allowed for the determination of absorption coeffi-
cients ranging from 0.1 to 1000 cm™.

Furthermore, PAS is attractive for industrial or environmental applications for the
identification of contaminants in solution. For example, lubrication and hydraulic
oils used to maintain heavy equipment can degrade by contamination. Water is the
most common contaminant and therefore knowledge of the condition of oil in equip-
ment is necessary. Foster et al. [165] used PAS to detect trace levels of water in oil.
Raman shifting deuterium in a 1 m Raman cell was used to generate 2.93 um excita-
tion light and 1064 nm light was produced using a pulsed Nd:YAG laser. PA data
were collected using a flow through a layered-prism cell. The authors used an ultra-
sonic couplant fluid to facilitate acoustic contact between the cell and transducer. PA
data were recorded for clean samples of unused transmission, hydraulic, and engine
oil samples. Numerous samples of the clean oil with known relative water content
were prepared. Detection limits for water were reported to be 60 ppm in hydraulic
oil, 45 ppm in transmission oil, and 515 ppm in engine oil. The results of these
experiments demonstrated that water in petroleum oils can be detected at levels at
least two times lower than those obtained with FTIR. Hodgson et al. [166] developed
a laser PA measurement technique for the detection of oil contamination in water for
the continuous monitoring of hydrocarbons in return process water from oil produc-
tion installations. Two pulsed diode lasers were used. One had an emission wave-
length of 0.904 um, which coincides well with a small absorption feature present in
both methanol (CH;OH) and pentane (CsH,,). The second laser emitted at 1.55 um,
which is in the wings of the strong water absorption feature centered at 1.44 um. A
quartz cuvette equipped with a piezoelectric transducer (PZT-5A) ceramic disk was
used for PA data collection. The authors studied crude oil emulsions and hydrocar-
bons in solution in the range of 0—900 mg/L and demonstrated that dispersed and
dissolved hydrocarbon components give an additive PA response whereas with most
optical instrumentation the components must be measured separately. Herndndez-
Valle et al. [167] presented a PA technique for the trace analysis of pesticides in
water. The light from a 460 nm pulsed dye laser was directed into a double crystal in
which 230 nm light was generated. Different concentrations of the pesticides atra-
zine and methyl parathion were prepared. Samples were poured into quartz cells and
two piezoelectric sensors were used to monitor PA signals. The authors reported the
ability to monitor concentrations as low as tenths of nanograms per liter.

SoLID SAMPLES

Similar to liquid samples, the initial PA studies on solid samples demonstrated that
optical absorption measurements could be obtained for optically opaque materials,
therefore making this technique an attractive spectroscopic tool for the investigation
of solid materials. Although this topic is discussed extensively in the literature,
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specifically with regard to applications of PA FTIR spectroscopy, the use of lasers in
PA experiments on solids has not been widely reported. Petzold and Niessner [168]
presented a PA soot sensor for monitoring black carbon in sifu. The sensor included
a 450 mW laser diode emitting at 802 nm, a novel cylindrical azimuthal resonator,
and two electret microphones to achieve a portable sensor system for black carbon
measurements. The authors reported a detection limit of 0.5 pug black carbon per
cubic meter. Wen and Michaelian [109] used an EC-QCL for the measurement of the
PA spectrum of acetyl polystyrene beads. There have been several reports discussing
the use of these tunable infrared lasers, such as QC and CO,, to obtain PA spectra of
gases; however, the application of these sources in PA experiments on solids is mini-
mal. In this work, the pulsed EC-QCL was tunable from 990 to 1075 cm™ (10.10—
9.30 um) and the results demonstrated better peak definition in the PA spectrum than
in the FTIR spectrum, allowing identification of bands at ~1005 and 1030 cm™ for
the solid material.

Numerous PA studies on explosive materials have been reported due to an
increased interest in the identification and quantification of these substances. The
detection of these compounds in the solid form is attractive because the majority of
explosives have extremely low vapor pressures, making vapor detection difficult.
Chaudhary et al. [169] presented the low-limit PA detection of solid RDX and TNT
using a CO, laser with an output power of 12 W. The source was grating-tunable and
could be precisely tuned in the 9.25-10.74 um spectral region. The laser beam was
chopped at 22 Hz using an electrical chopper. The chopped beam was intensity-
modulated and incident on the explosive sample housed in an aluminum nonresonant
PA cell. The detector was a condenser microphone. The authors successfully demon-
strated for the first time the use of a CO, laser-based PA technique to record the
high-resolution PA absorption spectra of RDX and TNT in solid form at room tem-
perature. Detection limits of 16.5 and 10.0 ppb were reported for TNT and RDX,
respectively. Giubileo and Puiu [108] characterized standard explosives in the solid
phase using the same PA technique offered by Chaudhary et al. [169]. The authors
studied classical explosives, including 2,4-DNT, 2,6-DNT, HMX, TATP, PETN,
TNT, and RDX, using a CO, laser operating in the 9-11 pum spectral region. The
output power of the laser was 10 W. Trace detection and molecular composition anal-
ysis were successfully performed with high sensitivity (less than 100 pg) and repro-
ducible PA signals in the entire laser wavelength range. All the investigated materials
exhibited different spectral behavior, allowing for simple principal component anal-
ysis and identification of each explosive. Van Neste et al. [170] demonstrated the
detection of trace amounts of RDX adsorbed on a quartz crystal TF using illumina-
tion from a QCL. The authors used three pulsed EC-QCLs having an overall optical
tuning range from 7.83 to 10.93 wm when used in combination. The QCLs had peak
powers ranging from 100 to 400 mW with a duty cycle of 5%. The RDX samples
were derived from Non-Hazardous Explosives for Security Training and Testing
stimulants suspended in acetonitrile. The RDX signatures recorded using the tun-
able sources had excellent agreement with published infrared absorption spectra.

Furthermore, PAS of solid samples is often applied to depth profiling of layered
samples and two- and three-dimensional tomographic imaging for biomedical
applications [171-173]. Viator et al. [174] developed an in vivo PA probe that used an
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Nd:YAG laser operating at 532 nm to generate acoustic pulses in skin. A piezoelec-
tric element was used to detect the acoustic waves arising from thermoelastic expan-
sion, which were analyzed for epidermal melanin content using a photoacoustic
melanin index (PAMI). Melanin content was compared to results obtained using vis-
ible reflectance spectroscopy (VRS), which is currently used to estimate epidermal
melanin content. Although VRS provides reliable measurements of melanin content,
it gives no depth information and utilizes an integrating sphere that averages skin
reflectance over a large area, which makes local estimates of melanin concentration
impossible. The authors reported a good correlation between PAMI and VRS mea-
surements and the 200 um active area of the PA method allowed for pinpoint mea-
surements. Schmid et al. [175] used PAS to observe the interception of iron (IIT)
oxide particles by a biofilm, which can influence the stability of the biofilm and lead
to a partial detachment. The PA sensors for biofilm monitoring consisted of a piezo-
electric poly(vinylidene fluoride) film coupled to a transparent prism by conductive
epoxy resin. The biofilm grew directly on the surface of the prism. Short pulses from
an Nd:YAG laser operating at 420 nm irradiated the biofilm through the prism and
the resulting pressure waves were detected by the poly(vinylidene fluoride) film. By
investigating the differences in signal shape before and after the addition of iron
particles, the particle distribution inside the biofilm could be estimated.

STANDOFF DETECTION

Standoff detection of chemical residues has rapidly gained attention due to its rele-
vance for security and commercial applications. Standoff refers to instances in which
the excitation source, detector, and system operator are located at a safe distance
from the target sample. Reports of in situ and short-range PA experiments are more
prevalent in the literature than standoff PA techniques. This is mainly due to the
higher sensitivities achieved with in situ PA methods as well as the numerous chal-
lenges associated with PAS of samples in open air. In the absence of a sealed PA cell,
acoustic waves spread, broadening their already minimal energy below the detection
limits of acoustic detectors. Additionally, direct microphone detection is met with
difficulty due to the influence of wind effects, such as air turbulence or constant
winds [176]. Perrett et al. [177] attempted to overcome these challenges using a
pulsed indirect photoacoustic spectroscopy (PIPAS) technique, which employed a
stronger light source and a parabolic focusing mirror. The authors suggested that
a more powerful light source would increase the amplitude of the acoustic waves as
the parabolic mirror captured and refocused the sound back onto a microphone.
Furthermore, enhanced sensitivity was also brought about by signal processing that
allowed improved discrimination of the signal from noise levels through prior knowl-
edge of the laser pulse shape and repetition frequency. To test this technique, ethanol
(C,HO) and diffusion pump oil samples were selected. Both species have absorption
features in the 10 um wavelength region of the CO, laser used for these experiments.
The laser pulse energy was 300 uJ, which was achieved using an amplifier. Samples
were placed at a range of up to 8 m from the output of the laser. The laser output passed
through a telescope to ensure an appropriate illuminating spot size. A microphone
was placed at the focus of a parabolic reflector, which was used to improve the
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acoustic detection sensitivity of the system. The detection equipment was collocated
with the laser on an independent tripod, which allowed for the microphone to be
aimed at the sample. In comparison with earlier PIPAS studies, the authors achieved
a gain factor of 28 using the parabolic reflector; however, significant losses in the
system and field environment effects ultimately limited the range and sensitivity of
this technique.

Although the acoustic waves generated at standoff distances are affected by
atmospheric conditions, the reflected or scattered light is not. Van Neste et al. [176]
demonstrated a standoff PAS technique used for analyzing surface-adsorbed chemi-
cals. In this experiment, pulsed light scattered or reflected off of a target excited an
acoustic resonator, and the variation of the resonance amplitude as a function of
wavelength resulted in absorption data of the target. The authors used an EC-QCL to
illuminate a target located 0.5-20 m away. The QCL had a tuning range from 1020.41
to 1080.08 cm™ (9.8-9.25 um) and the laser power was 10 mW with a 5% duty cycle.
The laser beam spot size was ~6 mm and was expanded to ~25 mm at 20 m. The
light reflected or scattered off the target was collected using a spherical mirror and
focused onto a quartz crystal TF, producing an acoustic wave on the TF surface. The
pulse rate of the laser light was adjusted to match the resonance frequency of the TF.
The authors chose tributyl phosphate (TBP), RDX, TNT, and PETN as chemical
targets. The sample solutions were prepared in acetonitrile (1 mg/mL) and deposited
on a target surface and allowed to dry. Experiments were conducted at standoff dis-
tances of 0.5, 4, 10, and 20 m. Signal amplification was needed at distances of 10 and
20 m. A detection limit of the order of 100 ng/cm? was achieved with this standoff
PA detection system. More recently, these authors used the same standoff PAS tech-
nique but added an additional EC-QCL and a TF array to demonstrate the detection
of trace quantities of TBP [178]. A schematic diagram of the experimental setup is
shown in Figure 6.12. Each QCL was pulsed at a different frequency that matched
the resonant frequency of a single TF in the TF array. The additional laser was tun-
able between 1250 and 1355.01 cm™ (8.0-7.38 wm). There was a ~0.5 mm gap
between each TF and the authors experimentally determined that the resonant fre-
quency difference between each TF must be at least 10 Hz. This difference mini-
mized the development of cross talk between the sensors. In this demonstration, the
resonance frequency difference between two TFs was 143 Hz. The spectral peaks
observed with the standoff PAS method agreed very well with the spectrum col-
lected with an FTIR. The authors reported a similar detection limit of 100 ng/cm? for
this dual-QCL detection scheme.

CONCLUSIONS AND OUTLOOK

The versatility of laser-based PAS for sensing applications has been demonstrated by
numerous state-of-the-art examples. Detection limits for gaseous and condensed
media are often in the ppb or sub-ppb range, with some reports of ppt level sensing
capabilities. Furthermore, PA detection schemes are not limited to laboratory mea-
surements and can be used at standoff distances, which has been demonstrated
recently for the detection of explosive materials.



Sensing Applications Using Photoacoustic Spectroscopy 165

PC
X
@
&fé’% Lock-in
amplifier
Lock-in
amplifier

FIGURE 6.12 Schematic diagram of an experimental setup used for standoff photoacoustic
spectroscopy. (Adapted from Van Neste, C. W., Senesac, L. R., and Thundat, T., Anal. Chem.,
2009, 81, 1952-1956.) Electronic connections are indicated by a solid line.

The development of continuously tunable sources, such as QCLs, allows for PA
absorption spectra to be collected. Data collected with a simple hearing aid micro-
phone have been presented for numerous chemical species and are in excellent
agreement with absorption spectra collected for the same analytes using an FTIR
spectrometer. Additionally, these broadly tunable sources allow for the simultane-
ous detection of several molecules of interest as well as increased molecular dis-
crimination, which assists in overcoming the absorption interference problem often
associated with PAS.

Although numerous reports have verified the sensitivity of PA sensors at trace
levels, the total system size represents a large logistics burden in terms of bulk, cost,
and power consumption. The future of PAS for sensing applications includes the
continued development of laser sources with respect to broad continuous tunability
and decreased system sizes and power requirements. In addition, the successful dem-
onstration of PA sensing platforms using miniaturized PA cells is an important step
toward the development of man-portable sensor systems. We expect continued suc-
cess from PA-based sensing applications for the detection of a diverse range of chem-
ical and biological agents and for use in environmental monitoring.
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INTRODUCTION

Small, dense, wireless sensor networks are beginning to revolutionize our under-
standing of the physical world by providing fine resolution sampling of the surround-
ing environment. The ability to have many small devices streaming real-time data
physically distributed near the objects being sensed brings new opportunities to
observe and act on the world, which could provide significant benefits to mankind.
For example, dense wireless sensor networks have been used in agriculture to
improve the quality, yield, and value of crops, by tracking soil temperatures and
informing farmers of fruit maturity and potential damages from freezing tempera-
tures [1]. They have been deployed in sensitive habitats to monitor the causes for
mortality in endangered species [2]. Dense wireless sensor networks have also been
used to detect structural damages in bridges and other civil structures to inform
authorities of needed repair [3] and have been used to monitor the vibration signa-
tures of industrial equipment in fabrication plants to predict mechanical failures [4].

While wireless sensor-net systems are beginning to be fielded in applications on
the ground, underwater sensor nets remain quite limited by comparison [5]. Still, a
large portion of ocean research is conducted by placing sensors (that measure current
speeds, temperature, salinity, pressure, bioluminescence, chemicals, etc.) into the
ocean and later physically retrieving them to download and analyze their collected
data. This method does not provide for real-time analysis of data which is critical for
event prediction. Real-time underwater wireless sensor networks that do exist are
often sparsely deployed over wide areas. For example, the Deep-ocean Assessment
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and Reporting of Tsunami (DART) project consists of 39 stations worldwide acquir-
ing critical data for early detection of tsunamis [6]. The FRONT network consists of
about 10 subsurface wirelessly networked sensors spaced about 9 km apart in the
inner continental shelf outside Block Island Sound to increase scientific understand-
ing of the coastal ocean [7]. The SeaWeb network consists of tens of nodes spaced
2-5 km apart for oceanographic telemetry, underwater vehicle control, and other
uses of underwater wireless digital communications [8,9]. Other real-time networks
that exist are wired and extremely expensive [10-13].

The existence of small, dense wireless sensor networks on land was made possi-
ble by the advent of low-cost radio platforms such as PicoRadio and Mica2 [14,15].
These radio platforms cost a few hundred U.S. dollars enabling researchers to pur-
chase many nodes with a fixed budget allowing for dense, short-range deployment.
The aquatic counterpart to the terrestrial radio is the underwater acoustic modem. A
number of acoustic modems are currently available including commercial offerings
from companies like Teledyne Benthos, DSPComm, LinkQuest, and Tritech, as well
as academic projects, most notably the WHOI MicroModem. Unfortunately, these
existing modems’ power consumption, ranges, and price points are all designed for
sparse, long-range, expensive systems rather than small, dense, and inexpensive sen-
sor nets [5,16,17]. It is widely recognized that an aquatic counterpart to inexpensive
terrestrial radio is required to enable deployment of small, dense, underwater wire-
less sensor networks for advanced underwater ecological analyses.

This chapter describes the design of a short-range underwater acoustic modem
starting with the most critical component from a cost perspective—the transducer.
The transducer is a device that converts electrical energy to/from acoustic energy,
which is equivalent to the antenna in radios. The design substitutes a commercial
underwater transducer with a homemade underwater transducer using cheap piezoc-
eramic material and builds the rest of the modem’s components around the proper-
ties of the transducer to extract as much performance as possible. We describe the
modem’s transducer design, followed by its analog transceiver design and digital
transceiver design. We end the chapter describing real-world tests performed on the
complete low-cost modem design which illustrate the modem provides bit rates of up
to 200 bps for ranges up to 400 m at a components cost of U.S. $350.

This chapter consists of excerpts from the author’s PhD thesis [18].

TRANSDUCER DESIGN

This section describes the design of a low-cost transducer (an electromagnetic
device responsible for converting electrical energy to mechanical energy—sound
pressure—and vice versa) used as the basis for the design of our low-cost underwa-
ter acoustic modem. We first describe the selection of the transducer’s piezoceramic
material based on its type and geometry. We then describe our transducer construc-
tion techniques including the selection of wiring and potting compound. We finally
describe the calibration procedure used to measure the electromechanical proper-
ties of our homemade transducer and present the experimentally determined elec-
tromechanical properties that are used to govern the rest of the low-cost modem
design.
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Piezo CERAMICS

In 1880, Jacques and Pierre Curie discovered that certain naturally occurring crys-
talline substances (such as quartz) exhibit an unusual characteristic: when subjected
to a mechanical force, the crystals became polarized and when exposed to an electric
field the crystals lengthened or shortened according to the polarity and in proportion
to the strength of the field. These behaviors were labeled the piezoelectric effect and
the inverse piezoelectric effect, respectively [19-21].

In the twentieth century, researchers began to manufacture synthetic materials that
exhibit the piezoelectric effect using polycrystalline ceramics or certain synthetic poly-
mers. These materials are relatively inexpensive to manufacture, physically strong, and
chemically inert. Common compositions include lead zirconate-titanate (PZT) and
barium-titanate [19]. The type of the ceramic and its geometry affect the ceramic’s
piezoelectric properties and are described in more detail in the following subsections.

Type

Although several standards exist, in the United States, piezoceramics are popularly
classified into six types created by DOD-STD-1376A [22] which was replaced by
MIL-STD-1376B [23] in 1995 and discontinued in 1999. Although the standard is no
longer officially used, most ceramics manufacturers still use it as a guideline and
have options of their product that comply with the standard. The six types of ceram-
ics can be further lumped into two very general groups: hard and soft ceramics. Hard
ceramics have low dielectric and mechanical loss and are generally better at produc-
ing a signal whereas soft ceramics have large dielectric losses, low mechanic quality
factors, and poor linearity, but are generally better at receiving a signal [19,24]. Soft
ceramics produce large displacements and wider signal bandwidth, but they exhibit
greater hysteresis and are more susceptible to depolarization [19]. Either of these
ceramics is still capable of producing and receiving signals regardless of which
group it is in because of piezoelectric reciprocity. For underwater network commu-
nication where one transducer is used for transmitting and receiving for cost effec-
tiveness, a piezoelectric element that is good at doing both is desired.

We selected to use a “hard” modified Navy Type I ceramic due to its low dielec-
tric and mechanical loss and high electromechanical coupling efficiency making it
suitable as both a transmitter and receiver. Also, ceramics manufactured from for-
mulations of PZT are the most widely used because they exhibit greater sensitivity
and higher operating temperatures, relative to ceramics of other compositions [20].
Typical Type I PZTs can experience up to 12V, AC per 0.001 in. wall thickness
without much effect to its electromechanical properties [25]. A thickness of 0.1 in.
(2.54 mm) gives a maximum voltage of 1200 V or 425V, ..

Geometry

After selecting the type of ceramic necessary for the application, the geometry selec-
tion is the next important step. The cost of the PZT element can vary greatly and is
significantly affected by geometry. Not only are some shapes harder to make, more
intricate shapes make poling the ceramic more difficult as well. Element geometry
and polarization direction determine the radiated direction of acoustic signals as
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well as the electromechanical properties of the ceramic element itself, such as reso-
nance frequency, capacitance, generated voltage under load, and displacement.
Exactly how they are affected depends on the geometry selected. Simplified equa-
tions for commonly used shapes can be found on many ceramic manufacturers web-
sites [20,24]. Geometry-independent properties include the electromechanical
coupling coefficient, piezoelectric constants, dielectric constant, Curie temperature,
and dissipation factor, which depend on the material.

For underwater communication, ceramics are usually omnidirectional in the hori-
zontal plane to reduce reflection off the surface and bottom [21]. A radial expanding
ring provides two-dimensional omnidirectionality in the plane perpendicular to the
axis and near omnidirectionality in planes through the axis only if the height of the
ring is small compared to the wavelength of sound being sent through the medium.
Note, if the ring is too tall, extension along the axis and bending modes of the ring
may become a problem [21].

A radial expanding ring ceramic element can be made of several ceramics
cemented together, providing greater electromechanical coupling, power output, and
electrical efficiency than one-piece ceramic rings. The piezoelectric constant and
coupling coefficient are approximately double that of a one-piece ceramic ring [21].
They work better because the polarization can be done in the direction of primary
stresses and strains along the circumference. However, these are much more difficult
to manufacture and are therefore much more expensive than a one-piece radial
expanding piezoelectric ceramic.

Thus, a one-piece modified Type I ring transducer with radial resonance mode,
26 mm outer diameter, 22 mm inner diameter, and 2.54 mm wall thickness was
selected. Specifically, part SMC26D22H13SMQA from Steiner and Martins, Inc.
was purchased for approximately $10 per element with no minimum purchase. This
is much less than many other piezoelectric manufacturers charge for ceramics with
very similar geometry and electromechanical properties. Much of the cost difference
stems from the difficulty of manufacturing PZTs with consistent properties under
tight tolerances. Many piezoceramics for underwater communication are being used
for oil and military use where they must comply with tight specifications and operate
under extreme conditions. These extreme conditions include deep-ocean and long-
range operation. Thus, many companies cater toward this market selling high-qual-
ity parts that are not necessarily needed for short-range underwater communication
research. In this context lower quality does not mean lower performance, but a looser
control on tolerances and increase in availability to drive down costs.

For a single radial expanding ceramic ring, the resonance frequency occurs when
the circumference approximately equals the operating wavelength [21]. The reso-
nance frequency and antiresonance frequency occur at minimum and maximum
impedances, respectively [21,26]. In air, the resonance frequency is about 41 kHz for
every inch in diameter; for the ring made of several ceramics cemented together, in
the case that there is no inactive material (such as electrodes or cement), the reso-
nance frequency is approx 37 kHz for every inch [21]. If the ring is too tall, problems
with length extensional and bending modes of vibration may be experienced.

* Steminc, Steiner & Martins, Inc., http://www.steminc.com/
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The bandwidth of the ceramic is broader if the thickness is much smaller than the
radius [21]. The SMC26D22H13SMQA has an outer diameter of 26 mm (approx
1 in.) and has a nominal resonance frequency of about 43 kHz. Steiner and Martins,
Inc. specifies that the ceramic ring has anominal resonance frequency of 43 £ 1.5 kHz.

TRANSDUCER CONSTRUCTION

Although the piezoelectric element is a key component of the transducer, there are
other aspects to manufacturing a transducer that are important to its performance.
Wiring electrical leads, potting the piezoceramics, and reducing unwanted acoustic
radiation should be paid special attention. Figure 7.1 depicts our raw piezoceramic,
transducer before potting, and fully potted transducer.

Wiring

Using shielded cables to attach to the ceramic will greatly enhance the performance
of the transducer. Unshielded wires can act as antennas and pick up much unwanted
electromagnetic noise that can bury small signals received by the transducer. When
soldering to the ceramic’s electrodes, care should be taken to prevent contact of the
soldering tip to the ceramic for more than a few seconds. Heating the ceramic above
its Curie temperature will damage its electromechanical properties. If possible, the
soldering iron’s temperature should also be adjusted accordingly. Solder with 3%
silver is recommended by Steiner and Martins, Inc.

Potting

The piezoelectric ceramic needs to be encapsulated in a potting compound to prevent
contact with any conductive fluids. Urethanes are the most common material used
for potting because of their versatility. The most important design consideration is to
find a urethane that is acoustically transparent in the medium that the transducer will
be used; this is more important for higher frequency or more sensitive applications
where wavelength and amplitude are smaller than the thickness of the potting mate-
rial. Many urethane manufacturers do not know the acoustical properties of their

FIGURE 7.1 (a) Raw lead zirconate-titanate; (b) Prepotted transducer; and (c) Potted
transducer.
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urethanes. However, information on similarities to the acoustical properties of water
is becoming easier to find. Generally, similar density provides similar acoustical
properties. Mineral oil is another good way to pot the ceramics because it is inert and
has acoustical properties similar to those of water. Some prefer using mineral oil to
urethane because it is not permanent. However, the oil still needs to be contained by
something, which is often a urethane tube. A two-part urethane potting compound,
EN12, manufactured by Cytec Industries” was selected as it has a density identical to
that of water, providing for efficient mechanical to acoustical energy coupling.

Creating a transducer by potting, the ceramic shifts its resonant frequency due to
the additional mass moving immediately around the transducer. The extent of the
shift depends on the type, age, and amount of potting as well as the temperature and
mixing method of the compound. Having tight control over these variables to ensure
exact reproducibility requires expensive equipment. To keep costs low, we used the
following simplistic potting method.

As urethanes are toxic, when potting the ceramic, touching or inhaling the fumes
of the urethane compound should be avoided as specified by the Material Safety
Data Sheet provided by the manufacturer. Urethanes must have the correct ratio of
both parts. Adding more of one will not help it cure faster, will change its physical
properties, and many times will prevent it from fully curing at all. A scale was used
to measure the exact proportions of the two-part compound and the parts were hand-
poured into a plastic container for mixing. Larger batches help keep mixing ratios
more consistent between separate batches.

Urethanes are very susceptible to moisture absorption. The moisture creates bub-
bles within the urethane which are undesired because they absorb acoustic waves
propagating from the piezoceramic material. Much of the moisture is introduced
during mixing. Using plastic or metal spoons and containers over paper or wooden
ones during mixing reduces the amount of bubbles that appear in the cured urethane.
Unmixed urethane in opened containers are often stored in metal cans and covered
with a blanket of nitrogen to reduce moisture absorption [27].

Although this was not done on our own transducer, placing a vacuum on the urethane
mixture while curing will cause many of the bubbles to enlarge and rise out of the cur-
ing liquid. In addition, the curing urethane can subsequently be placed under pressure
to reduce the size of the remaining bubbles. Higher vacuums and putting unmixed ure-
thane components into a vacuum separately may cause boiling of certain chemicals that
need to remain in the liquid components in order to cure [27]. Again, processing param-
eters in the urethane’s technical specifications should be followed for best results. Tips
on making molds and other potting tips can be found in Reference [28].

A tennis ball with a hole cut in it and an ABS pipe cap with holes drilled in it were
glued together using silicone and used as our transducer’s mold. The ABS cap was
only used for mounting. Mixed and uncured urethane was poured into the mold
through the holes in the ABS cap. After the urethane was fully cured, the tennis ball
and silicone were removed.

The next section describes the procedures used to determine the electromechani-
cal properties of the homemade transducer.

* Cytec Industries, http://www.cytec.com/
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CALIBRATION PROCEDURE

The calibration of a transducer consists of the determination of its electromechani-
cal response as a function of frequency, namely its transmitting voltage response
(TVR) and its receiving voltage response (RVR). The TVR is defined as the sound
pressure level experienced at 1 m range, generated by the transducer per 1 V of
input voltage as a function of frequency. The RVR is a measure of the voltage gener-
ated by a plane wave of unit acoustic pressure at the receiver and is a function of
frequency. The units of the transmitting response are typically expressed in
dB/1 pPa/m and the units of the receiving response are typically expressed in
dB/1 V/uPa. Although numerous calibration procedures exist [29], we used the
“comparison method” as it is the simplest transducer calibration procedure wherein
the output of the unknown transducer is compared with that of a previously cali-
brated reference transducer.

In the comparison method, the unknown and reference transducers are placed in
a tank of water at a known separation (typically 1 m). To obtain the RVR, the refer-
ence transducer sends sinusoidal signals of a known duration across the desired fre-
quency range and the unknown transducer collects the sinusoidal signals over the
same duration at each frequency. The collected data represent the combination of
the transmitting response of the reference transducer plus the receiving response of
the unknown transducer and the effects of attenuation at the separation distance. The
RVR may be calculated using the following equations:

D =20log,, (Vr“me‘ j (7.1)

‘/transmilter

RVR = Dfrom ref + TVRref + A (72)

where V..., 1S the average amplitude voltage of the receiver over the known dura-
tion, V. 15 the average amplitude voltage of the transmitter over the known
duration, and A is the attenuation of the signal due to the separation distance.

To obtain the TVR, the unknown transducer sends sinusoidal signals of reference
duration across the desired frequency range and the reference transducer collects the
sinusoidal signals over the reference duration at each frequency. The collected data
represent the combination of the transmitting response of the unknown transducer
plus the receiving response of the reference transducer and the effects of attenuation
at the separation distance. The TVR may similarly be calculated as

TVR =D RVR . +A (7.3)

toref

EXPERIMENTAL MEASUREMENTS

To execute the comparison method, we suspended both the homemade transducer
and the reference transducer, a spherical ITC 1042,” 0.18 m apart in the middle of a

* ITC-1042, Deep-water omnidirectional transducer, http://www.itc-transducers.com
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FIGURE 7.2 Transducer figure of merit.

3 m-deep, 2 m-wide cylindrical test tank filled with salt water. Burst signals of
duration 2 ms, across frequencies in 1 kHz increments were sent from the reference
transducer to the homemade transducer and vice versa. Signals were sent and col-
lected via LabView. Adding the TVR and RVR gives a quantity known as the “Figure
of Merit” which gives an indication of the transducer’s best operating frequencies
when acting as both a transmitter and a receiver. Figure 7.2 shows the Figure of Merit
calculated from the LabView data indicating an operating frequency range around
40 kHz for transducer T1. The peaks and valleys of the Figure of Merit can be attrib-
uted to constructive and destructive interference caused by reflections off the sides of
the small calibration tank.

SUMMARY

This section described the design of our low-cost transducer, its ceramic type and
geometry, its potting compound and procedure, and its electromechanical properties.
The low-cost transducer costs ~$40, is omnidirectional in the horizontal plane, oper-
ates in a narrow frequency band around 40 kHz, and has a source level of about
140 dB re 1 uPa at 1 m. The next section describes the modem’s analog transceiver
that was designed to operate in the transducer’s operating frequency range.”

“ The text of this section is currently being prepared for submission for publication of the material. The
section author was a coprimary researcher and author (with Kenneth Domond). Ryan Kastner and Don
Kimball directed and supervised the research which forms the basis for this section.
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ANALOG TRANSCEIVER DESIGN

The modem’s analog transceiver consists of a power amplifier, a power management
circuit, an impedance matching circuit, and a preamplifier (Figure 7.3). The power
amplifier is responsible for amplifying the modulated signal from the digital hard-
ware platform. It sends the signal to the power management circuit which further
amplifies the signal to a power level that matches the actual distance between the
transmitter and receiver. The power management circuit then sends the amplified
signal to the impedance matching circuit, which is matched to the transducer’s reso-
nance frequency, so that the signal may be transmitted efficiently to the water. The
preamplifier amplifies the signal that is detected by the transducer so that the digital
hardware platform can effectively demodulate the signal and analyze the received
data. This section describes the design of the power amplifier, power management
circuit, impedance matching circuit, and preamplifier of the analog transceiver.

Power AMPLIFIER DESIGN

When designing the power amplifier we considered the following requirements:

e The amplifier should provide a linear, undistorted output over a relatively
wide bandwidth (10-100 kHz) to allow for use with a variety of underwater
transducers.

e The amplifier must be power efficient (especially for large output power) as
a deployed modem must be powered from batteries.

An amplifier is said to be linear if it preserves the details of the signal waveform,
that is

Vo (1) = AV, (1) (7.4)

FIGURE 7.3 Analog transceiver.
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The amplifier is said to be efficient if it can convert the majority of the DC power
of the supply into the signal power delivered to the load. Efficiency is defined as

Signal power delivered to load
C power supplied to output circuit

Efficiency = D (7.5)

We designed a unique architecture that consists of a Class AB (known for being
linear) and a Class D (known for being efficient) amplifier working in parallel to
meet our design requirements. The Class AB amplifier provides a highly linear
voltage gain of 27 across input voltages and frequencies. The output of the Class AB
amplifier is connected to current sense circuitry that in turn controls the secondary
amplifier, which is a Class D switching amplifier. The Class D amplifier is inher-
ently nonlinear, but, when working in tandem with the Class AB amplifier, it pro-
duces a linear output for input voltages greater than 500 mV , across frequencies.
The Class D amplifier provides high-power efficiency to the complete amplifier for
large power outputs (where the load resistance is below 15 ) but must be turned off
for lower-power outputs where its efficiency drops below that of the Class AB
amplifier alone.

Power MANAGEMENT CIRCUIT

The power management circuit is provided to adjust the output power of the trans-
ceiver in real time to match the actual distance between the transmitter and the
receiver. The power management circuit takes the output of the power amplifier and
further amplifies it to one of five power levels depending on how far the modem must
transmit the signal. This is enabled through five different outputs at the taps on the
secondary coil of the transformer. The number of windings on the secondary coil (N)
divides the effective resistance of the load by N? thus increasing the power. The dif-
ferent transformer taps are connected to the impedance matching network (explained
in the next section) by a series of relays. The relays are single pole, single throw, and
are controlled by a 5 V, 40 mA signal. Each of the relay outputs is connected to one
another but none are open unless the relay is energized.

The number of windings (N), voltage output, and transceiver power consumption
of each power setting when connected to the homemade transducer and givena 1 V,,
input is given in Table 7.1. Note that because the output load of the transducer is high
(750 Q divided by the appropriate N?), only the class AB amplifier is used in this
current configuration of the transceiver.

IMPEDANCE MATCHING

Impedance matching is the practice of setting the input impedance of an electrical
load equal to the output impedance of the signal source to which it is connected in
order to maximize power transfer. Thus, the output impedance of the power ampli-
fier must match the input impedance of the transducer. Matching is obtained when
Zs=Z;, where Zg is the impedance of the source (or power amplifier) and Z; is the
complex conjugate of the impedance of the load (or transducer).
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TABLE 7.1

Power Management Characteristics

Power Level No. Windings (N) Vo (V) P onsumed (W)
0 0 23 1.2

1 2.5 62 1.8

2 5 122 2.7

3 7.5 180 4.5

4 10 230 6.9

The transducer’s impedance varies across frequencies as it is an active element
that can be modeled with the RLC circuit shown in Figure 7.4 [21]. The static capaci-
tance is the only physical component and is a direct consequence of the type of
piezoelectric material and transducer geometry. It can be measured by an RLC meter
and for the homemade transducer equals approximately 6.0 nF across frequencies.

To experimentally determine the transducer’s electrical impedance, we measured
the voltage, current, and phase difference between the voltage and current across
frequencies. We then modeled the circuit in Figure 7.4 in PSpice [30] with values of
the RLC circuit selected to match the characteristics of the measured values. The
RLC values of 750 €, 2.3 mH, and 700 pF, respectively, provided good agreement
between the measured and simulated values.

As the transducer is mostly capacitive, the impedance matching circuit consists of
a single 2.5 mH inductor. This inductor value was experimentally chosen to make
the circuit look mostly resistive (O phase) around the operating frequency (40 kHz).

Although the power coupled into the transducer cannot directly be measured, we
can use the equivalent circuit in PSpice to estimate the power delivered to the load.
Figure 7.5 shows that the majority of the amplifier’s output power is coupled into the
transducer between 35 and 45 kHz.

|||—

FIGURE 7.4 Electrical equivalent circuit model for a transducer.
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FIGURE 7.5 Estimated power coupled into the transducer.

PREAMPLIFIER DESIGN

When designing the preamplifier for the receiver, we considered the following
requirements:

e The preamplifier must amplify signals around the transducer’s resonance
frequency (40 kHz) and filter out all other frequencies.

e The preamplifier must provide high gain to pick up signals as small as a
couple of hundred microvolts.

e The design must be easily modifiable to accommodate different transducers
with different resonance frequencies and bandwidths.

To meet the above design requirements of a highly sensitive, high-gain, narrow-band
receiver, the architecture consists of two main components: (1) a 40-dB-per-decade
roll-off high-pass filter and (2) an 80-dB-per-decade roll-off band-pass filter.

As underwater noise is concentrated in low frequencies, the first stage (a high-
pass filter) cancels out a majority of unwanted noise. The high-pass filter consists of
two cascaded filters, each with a 20-dB-per-decade roll-off. Each filter has a gain of
10 and a cutoff frequency of 16 kHz, thus giving a total gain of 100 (40 dB). The
second stage is a band-pass filter used to further amplify signals in the transducer’s
operating band. It consists of four cascaded biquad filters, each with a 20-dB-per-
decade roll-off. The current configuration has the center frequency of the first and
third filters set to 40 kHz and the center frequency of the second and fourth filters set
to 41 kHz to obtain a flatter frequency response in the pass band. Thus, the combined
preamplifier provides a gain of ~80 dB around 40 kHz while attenuating low fre-
quencies at a rate of 120 dB per decade and high frequencies at a rate of 80 dB per
decade (Figure 7.6). The preamplifier’s gain, cutoff, and center frequencies can be
easily modified by replacing a few standard resistor and capacitor components.

The current receiver configuration consumes about 240 mW when in standby
mode and less about 275 mW when fully engaged.
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FIGURE 7.6 Overall receiver gain.

SUMMARY

This section described the full design of the analog transceiver including the power
amplifier, power management circuit, impedance matching circuit, and preamplifier.
The power amplifier is linear in the 10-100 kHz band for inputs greater than
500 mV,,, and up to 95% efficient for high power outputs. The impedance matching
circuit makes the transducer look resistive between 35 and 45 kHz coupling the
majority of the amplifier’s output power to the transducer in that frequency band.
The preamplifier provides a flat, high gain for frequencies between 38 and 42 kHz
matching the operating frequency of the transducer and allowing for reception of a
signal as low as 200 puV. The power management circuit provides five different out-
put power levels that consume 1.2, 1.8, 2.7, 4.5, and 6.9 W, respectively, allowing the
modem to adjust the output power in real time to match it to the actual distance
between the transmitter and the receiver. All components can be easily modified by
replacing a few standard components.
The next section describes the design of the digital transceiver.

DIGITAL DESIGN

This section describes the digital design of the low-cost acoustic modem. We begin
with a discussion on different modulation schemes, describing the reason for the
selection of the use of frequency shift keying (FSK). We then discuss various digital
hardware platforms and the selection of a field programmable gate array (FPGA) for
our design. These discussions are followed by a brief description of the FPGA imple-
mentation of the FSK digital transceiver. The section concludes by presenting the
resource requirements of the complete digital design.
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MODULATION SCHEMES

Various modulation schemes have been implemented in existing commercial and
research modems. These schemes all attempt to combat the performance limitations
induced by the underwater acoustic channel while at the same time improving the
bandwidth efficiency and bit rate as much as possible. This section briefly describes
the characteristics of some of these schemes and reasons for our selection of the use
of FSK for our modem design.

Frequency Shift Keying

FSK is a simple modulation scheme that has been widely used in underwater com-
munications over the past two decades [31,32]. In M-ary FSK, the data are transmit-
ted by shifting the frequency of a continuous carrier to one of M discrete frequencies.
The simplistic receiver typically compares the energy at different frequencies to
infer what data have been sent. Using only noncoherent energy detection at the
receiver, this scheme bypasses the need for phase tracking which is a very difficult
task because of Doppler spread in the underwater channel [33]. To combat intersym-
bol interference caused by multipath and frequency spreading, guard intervals are
typically inserted between successive symbol transmissions for channel clearing
[34] or symbols with durations longer than the multipath spread are used. As a result,
the data rate of FSK is very low. Frequency-hopped FSK improves the data rate as it
does not need to wait for channel clearing but requires a larger bandwidth. The mini-
mum theoretical bandwidth for a binary FSK scheme is twice the bit rate (in Hertz).

Phase Shift Keying

In M-ary phase shift keying (PSK), the data are transmitted by shifting the phase of
a continuous carrier to one of M discrete phases. PSK signals require less transmit-
ted power for a given probability of error than FSK systems and require less band-
width (the minimum theoretical bandwidth for a PSK scheme is bit rate, in Hertz),
but require more coherent detection, either by regenerating a local carrier in the
receiver or by using differential detection in which the previous bit is used as the
phase reference for the current bit [35]. Although coherent detection could be used
with FSK, the complexity required in the receiver for carrier regeneration justifies
the better bit error rate (BER) performance of PSK. To combat intersymbol interfer-
ence caused by multipath and frequency spreading, channel equalization techniques
are exploited. Decision feedback equalizers are used to track slowly varying and
faster varying channels when combined with a phase-locked loop [36]. Parameters in
the equalizer may have to be fine-tuned to meet channel conditions. As coherent
modulation does not have to wait for channel clearing, higher bit rates may be
achieved at the expense of a more complex receiver.

Direct Sequence Spread Spectrum

In direct sequence spread spectrum (DSSS) modulation, the transmitted signal takes
up more bandwidth than the information signal that is being modulated by multiply-
ing each symbol with a spreading code and transmitting the resulting sequence at a
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rate allowed by the wider bandwidth. Due to the autocorrelation properties of the
spreading sequence, intersymbol interference caused by the underwater channel is
suppressed by the despreading operation at the receiver. Channel estimation and
tracking are needed if phase-coherent modulation such as PSK is used to map infor-
mation bits to symbols before spreading [37]. For noncoherent DSSS, channel esti-
mation and tracking may be avoided by using the information bits to select different
spreading codes and comparing the amplitudes of the outputs from different matched
filters (each matched to one spreading code) at the receiver [34]. DSSS techniques
such as those seen in the study by Iltis et al. [38] require less transmitted power for a
given probability of error in comparison with FSK.

Orthogonal Frequency Division Multiplexing

Orthogonal frequency division multiplexing (OFDM) is often referred to as multi-
carrier modulation because it transmits signals over overlapping subcarriers simul-
taneously. Subcarriers (specific frequency bands) that experience higher
signal-to-noise ratio (SNR) are allotted with a higher number of bits, whereas less
bits are allotted to subcarriers experiencing lower SNR. Underwater OFDM has
been shown to provide data rates of 12, 25, and 50 kbps with bandwidths of 12, 25,
and 50 kHz, respectively [39]. The subcarriers are divided in a way so as to ensure
that each carrier is long compared to the multipath spread in the channel [40,41] so
that intersymbol interference may be ignored, greatly simplifying the receiver com-
plexity. Although intersymbol interference may be ignored, the large Doppler
spread in the underwater channel introduces significant interference between sub-
carriers; thus, receivers must be designed to overcome intercarrier interference
increasing their complexity.

Selection of FSK

The proven robustness of FSK and its simplicity make it an attractive modulation
scheme for our low-cost modem design for short-range, low-data rate applications.
The scheme requires a simple receiver that can fit onto a small, low-power device as
evidenced by the FSK mode of the WHOI modem that only uses 0.18 W for the
receive processing as compared to its PSK receiver which uses 2 W for processing
[42], or the UCSB DSSS AquaModem that uses 1.6 W for processing (D. Doonan,
AquaModem Electronics Engineer, pers. comm., May 2006). Binary FSK also does
not require a large bandwidth which is suitable for our narrow-band low-cost trans-
ducer and corresponding analog transceiver design. Although data rates are low, they
are suitable for the low-data rate applications of interest.

HARDWARE PLATFORMS

This section briefly discusses four possible digital hardware platforms for our digital
transceiver design including Microcontrollers (MCUs), Digital Signal Processors
(DSPs), Application-Specific Processors (ASICs), and Field Programmable Gate
Arrays (FPGAs). We highlight the advantages and disadvantages of each platform
and describe the selection of an FPGA for the low-cost modem.
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Microcontrollers

MCUs are general-purpose devices consisting of a relatively small CPU, clocks, tim-
ers, I/0 ports, and memory. They are used for information processing and control
and can be adapted to a wide variety of applications by software. MCUs offer design
flexibility and nonrecurring engineering costs as they can be easily reprogrammed
in software and are widely available. The disadvantage is that an MCU has limited
computation abilities and is only a viable solution for relatively simple applications
at low sample rates. A compact code that makes the most efficient use of the MCU
architecture is essential.

A few research underwater acoustic modem designs make use of MCUSs, includ-
ing the Atmegal28L [43,44] and the Blackfin 533 [45]. The design in the study by
Wills et al. [43] is claimed to have a power consumption of only 25 mW, but it relies
on an RF ASIC to do most of the processing. The Blackfin 533 used in the study by
Vasilescu et al. [45] is claimed to have a power consumption of 280 mW [46].

Digital Signal Processors

DSPs are specialized microprocessors with an optimized architecture for the fast
operational needs of digital signal processing applications [47]. DSPs offer many
architectural features that reduce the number of instructions necessary for efficient
signal processing. Integrated specialized compute engines increase performance by
executing complex functions in hardware. Like MCUs, DSPs offer design flexibility
and nonrecurring engineering costs as they can be easily reprogrammed in software
and are widely available. Until recent years, DSPs were notoriously power hungry,
but with the advent of new low-power, fixed-point DSPs, power consumption has
come down.

Most existing research on underwater modem designs (both commercial and
research) make use of DSPs as they are relatively easy to program and can meet the
computational requirements of more complex digital signal processing algorithms.
The DSSS design in the study by Iltis et al. [38] and the PSK design in the study by
Freitag et al. [31] both make use of a floating-point TI TMS320C6713 processor and
consume 2 and 1.6 W, respectively. The FSK mode used by Freitag et al. [31] makes
use of a low-power fixed-point DSP consuming only 180 mW of power.

Application-Specific Processors

An ASIC is custom-designed for a particular application, with as much system func-
tionality implemented on a single die. ASICs offer exceptional performance, small
size, and low power as they optimize transistor use and clock cycles at the expense
of flexibility. They have been shown to offer power consumption 20 times [48] lower
than any competing platform [49]. ASICs have a long time to market and high non-
recurring engineering costs making them practical only for high-volume production
or for designs that demand extremely tight size and power requirements. To the best
of our knowledge, no ASIC underwater acoustic modem exists.

Field Programmable Gate Arrays

An FPGA is an integrated circuit designed to be configured by the customer or
designer after being manufactured. FPGAs strike a balance between solely hardware
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(ASIC) and solely software (DSP or MCU) solutions as they have the programmabil-
ity of software with performance capacity approaching that of a custom hardware
implementation. They also present designers with substantially more parallelism
allowing for a more efficient application implementation [50-55]. Studies have
shown that FPGAs have evolved into highly valued digital signal processing solution
platforms that reduce overall system costs and power consumption for high-through-
put applications [56,57]. (Further comparison studies are required to determine
whether an FPGA provides power and cost benefits for simpler, lower-throughput
applications [57].) However, they require specialized knowledge and increased
design time over DSPs and MCUs.

No current underwater acoustic modem designs solely make use of an FPGA,
although two designs use an FPGA for preprocessing [58,59]. Power consumption
estimates are not provided.

Selection of FPGA

As FSK-based underwater acoustic modems have already been implemented on a
DSP [31] and an MCU [46], we chose to implement our FSK modem on an FPGA to
serve as a comparison (particularly in terms of cost and power consumption) to these
designs. Also, FPGAs provide a relatively easy transition to ASIC should a large
volume of modems need to be produced.

DiGITAL TRANSCEIVER

Now that we have described the selection of the modulation scheme and the hard-
ware platform, this section provides a brief description of our FPGA implementa-
tion of the FSK digital transceiver including the digital down converter, the
modulator/demodulator, the symbol synchronizer, and the hardware/software (HW/
SW) codesign controller. The complete transceiver design is shown in Figure 7.7.
Each component was designed in Verilog and initially tested individually in
ModelSim" to verify its operation prior to system integration.

The digital transceiver design makes use of the parameters given in Table 7.2. The
carrier frequency and frequency separation were selected to match the transducer’s
resonance frequency and narrow bandwidth. Nyquist sampling necessitates that the
signal be sampled at twice the frequency of the highest-frequency component of the
signal, but in practical applications four to six times sampling is desired. Thus, the
given sampling frequency and processing frequency were selected to provide suffi-
cient oversampling of the desired frequency component while being integer multi-
ples of one another. The symbol duration was selected to provide a suitable raw bit
rate for low-data rate sensor networking applications.

Digital Down Converter

The digital down converter is responsible for converting high-resolution signals to
lower-resolution signals to simplify subsequent processing. It takes the incoming

* ModelSim SE 6.4a. http://model.com/content/modelsim-downloads
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TABLE 7.2

Digital Transceiver Parameters

Properties Assignment
Modulation FSK
Carrier frequency 40 kHz
Mark frequency 2 kHz
Space frequency 1 kHz
Symbol duration 5 ms
Sampling frequency 192 kHz
Processing frequency 16 kHz

signal adc_in and multiplies it with a locally generated 40 kHz signal. The mixed
signal then passes through a low-pass filter to filter out the high-frequency compo-
nents. Then the signal is down-sampled from 192 to 16 kHz to reduce processing
power. The low-pass filter is a small 20-tap FIR filter designed using Spiral tool.”

Modulator/Demodulator

The modulator/demodulator is responsible for translating a bit stream into a wave-
form and vice versa by shifting the frequency of a continuous carrier to the “mark”
or “space” frequency of each symbol period. The modulator takes a binary input and
chooses to generate a sinusoidal wave using a cosine look-up table. The phase angle
offset is calculated using the following formula:

Offset = round (size *FIF, ) (7.6)

where “size” is the number of elements in the look-up table, F' is the mark or space
frequency, and F| is the sampling rate. The demodulator uses the classic “matched”
filter structure, which is optimal for FSK detection with white Gaussian noise inter-
ference. It works by sending a symbol duration of the received signal through two
add-and-shift band-pass filters. An energy detection block is applied to determine
the relative amount of energy in each frequency band.

Symbol Synchronizer

Symbol synchronization, the ability of the receiver to synchronize to the first symbol
of an incoming data stream, is the most critical and complex component in our digi-
tal transceiver design. When the modem receiver obtains an input stream, it must be
able to find the start of the data sequence to set accurate sampling and decision tim-
ing for subsequent demodulation. Without accurate symbol synchronization, higher
BERs incur thus reducing the reliability of the wireless network.

Our symbol synchronization approach relies on the transmission of a predefined
sequence of symbols, often referred to as a training, or reference sequence. The
transmitter sends a packet that begins with the reference sequence and the receiver
correlates the received sequence and the known reference sequence in order to locate

* Spiral. http://spiral.net/hardware/filter.html
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the start of the packet (and start of the first symbol). When the reference and receiv-
ing sequence exactly align with each other, the correlation result reaches a maximum
value and the synchronization point can be located as the maximum point above a
predetermined threshold. We use a 15-bit Gold code as our reference sequence and
perform a correlation with a 15-bit orthogonal Gold code to set a dynamic threshold.
Details of our symbol synchronization implementation and design considerations
can be found in the study by Li et al. [60].

HW/SW Codesign Controller

Xilinx Platform Studio 10.1 is applied to build an HW/SW codesign for accurate
control and I/O of the digital transceiver. The codesign consists of the digital trans-
ceiver, a Universal Asynchronous Receiver Transmitter (UART), to connect to serial
sensors or to a computer serial port for debugging, an interrupt controller to process
interrupts received by the UART or the transceiver, logic to configure the onboard
ADC, DAC, and clock generator, and MicroBlaze, an embedded microprocessor to
control the system.

The MicroBlaze processor interfaces to the digital transceiver through two fast
simplex links (FSLs), point-to-point, unidirectional asynchronous first-in, first-out
(FIFOs) that can perform fast communication between any two design elements on
the FPGA that implement the FSL interface. The MicroBlaze interfaces to the inter-
rupt controller and UART core over a peripheral local bus (PLB), based on the IBM
standard 64-bit PLB architecture specification.

Upon start-up, the MicroBlaze initializes communication with the digital trans-
ceiver by sending a command signal through the FSL bus signaling the transceiver
to turn on. When the transceiver is ready to begin receiving signals, it sends an inter-
rupt back to MicroBlaze to indicate initialization is complete. The transceiver then
begins the down conversion and synchronization process, processing the signal
received from the ADC and looking for a peak above the threshold to indicate a
packet has been received. If the transceiver finds a peak above the threshold, it finds
the synchronization point, and demodulates the packet. The demodulated bits are
stored in the FSL FIFO. When the full packet has been demodulated, the transceiver
sends an interrupt indicating a packet has been received and the MicroBlaze may
retrieve the packet from the FSL. The transceiver then returns to synchronization,
searching for the next incoming packet.

After initialization, the MicroBlaze remains idle, waiting for interrupts either
from the transceiver or the UART. If it receives an interrupt from the transceiver
indicating that a packet has been demodulated, the MicroBlaze reads the bits from
the FSL FIFO and sends the bits over the UART to be printed on a computer’s
HyperTerminal for verification. If the MicroBlaze receives an interrupt from the
UART, indicating that the user would like to send data, the MicroBlaze sends a
command to the transceiver to send the bitstream the MicroBlaze places in the
FSL. The transceiver then modulates the data from the FSL and sends the modu-
lated waveform to the DAC for transmission. The MicroBlaze then returns to
waiting for interrupts from the transceiver or the UART and the transceiver
returns to synchronization, searching for the next incoming packet. This control
flow is depicted in Figure 7.8.
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FIGURE 7.8 Digital transceiver control flow. Interrupts are shown in gray.

RESOURCE REQUIREMENTS

Table 7.3 shows the FPGA hardware resources occupied for each component of the
digital transceiver. The resources reported for “Total” include the complete digital
transceiver and HW/SW codesign controller. These resources were mapped for a
Spartan 3 XC3S4000, the smallest device in the established Spartan 3 family that
can fit the design.

We obtained a power estimate of the complete FSK modem design on various
FPGA devices by entering the resource values of the total modem into the Xilinx
XPower Estimator 9.1.03 and the Altera Cyclone IV PowerPlay Early Power
Estimator. We acknowledge that the resource values determined for one device are
not an exact estimate of the resource values needed for another device, but they do
provide us with a reasonable first-order resource (and power) estimate. Also note that
the estimates reported for the Xilinx devices are more accurate than those reported
for the Altera device as the current design makes use of a Xilinx MicroBlaze core
which would have to be replaced with the Altera NIOS processor should the design
be implemented on an Altera chip. The devices reported are in device families
known for their low power consumption (the Xilinx Spartan 6 and the Altera Cyclone

TABLE 7.3
Digital Design Resource Usage

Occupied Slices LUTs BRAMs
Modulator 95 184 9
Down converter 284 541 9
Demodulator 1025 1980 1
Synchronizer 12,000 22,101 2

Total (% Spartan3) 16,706 (60%) 29,076 (51%) 55 (57%)
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TABLE 7.4
Field Programmable Gate Array Power Consumption

Technology
Family Device Q Power (W) D Power (W) T Power (W) Size (nm)
Spartan 3 XC354000 0.274 0.105 0.379 90
Spartan 6 XC6SLX150T 0.212 0.021 0.255 45
Cyclone IV EP4CE30 0.087 0.06 0.147 60

IV being some of the newest FPGA device families on the market). The particular
devices reported are the smallest devices in their family that fit the total modem
design. The letters “Q,” “D,” and “T” in Table 7.4 stand for “quiescent,” “dynamic,”
and “total” power, respectively. The last column of Table 7.4 reports the size of the
device family’s CMOS technology.

From Table 7.4 we observe that the quiescent power contributes significantly to
the total power of the design. Thus, it is important to select a device that offers low
quiescent power. Altera has invested considerable resources in reducing static power
in their products as evidenced by our design’s low quiescent power on the Cyclone
IV. Furthermore, the newer technologies (Spartan 6 and Cyclone IV) consume less
power than the older technology, suggesting that, with continued technological
advancements, FPGA power consumption will continue to decrease.

Table 7.5 compares the total digital hardware platform processing power and cost
of our modem design with existing research underwater modem digital designs that
report their total processing power. As previously described, these research modem
designs use various modulation schemes (FSK, PSK, or DSSS) and are implemented
on various hardware platforms.

TABLE 7.5
Digital Transceiver Design Comparison
Total

Modem Modulation Category Platform Power (W) Cost ($)
[42] FSK Fixed DSP TMS320C5416 0.180 45
[42] PSK FP DSP TMS320C6713 2.0 25
D. Doonan* DSSS FP DSP TMS320C6713 1.6 25
[45] FSK MCU Blackfin 533 0.280 25
Ours FSK FPGA XC6SLX150T 0.233 14

EP4CE30 0.147 40

Note: DSP, Digital Signal Processor; DSSS, direct sequence spread spectrum; FPGA, Field Programmable
Gate Array; FSK, frequency shift keying; MCU, microcontroller; PSK, phase shift keying.
2 AquaModem Electronics Engineer, pers. comm., May 2006.
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From Table 7.5 we notice that the designs implemented on floating point DSPs
consume considerably larger power than any of the other designs. However, these
designs use more complex modulation schemes and thus require more resources.
The FSK design in the “Micro-Modem Overview” [42] on the fixed-point DSP and
the FSK design in the study by Vasilescu et al. [45] on an MCU provide comparable
power consumption to our FSK design on an FPGA.

The costs reported for the DSP, MCU, and FPGA devices were all found on elec-
tronic distributer websites. These estimates suggest that the FPGA design also pro-
vides a comparable cost to other digital hardware platforms.

SUMMARY

This section described the design of the low-cost modem’s FSK FPGA-based digital
transceiver including the modulator, digital down converter, symbol synchronizer,
demodulator, clock generator, and HW/SW codesign. The design operates at 200 bps
in a narrow band around a 40 kHz carrier (to match the operating frequency of the
transducer and the design of the analog transceiver) and provides comparable cost
and power consumption to other FSK-based modem designs. The next section
describes the system tests used to evaluate the functionality and performance of the
complete modem design.”

SYSTEM TESTS

In order to verify the operation of the low-cost modem, we first tested the analog
components and digital components separately and then tested the full, integrated
system in three different underwater environments at various ranges. This section
describes the results of each test and summarizes the performance of our modem.

ANALOG TESTING

To test the operation of our analog components (the transducer and analog trans-
ceiver), we took our analog hardware to Mission Bay, a salt water bay near San
Diego, California. One analog transceiver and transducer was placed on the dock to
act as the transmitter and another analog transceiver and transducer was placed on a
boat to act as the receiver. The transmitter was powered by power supplies on the
dock and the receiver was powered by a power supply connected to an inexpensive
RadioShack AC/DC converter connected to the boat’s power that unfortunately pro-
duced a substantial amount of noise (200 mV,,,).

We sent a 40 kHz sinusoid from the transmitter to the receiver placed at three
different locations 1. 75, 2. 235, and 3. 350 m away. We were able to successfully
detect the signal at 350 m at the fourth output power level; however, the received

* The text of Section “Digital Transceiver” is in part a reprint of the material as it appears in the pro-
ceedings [61]. The dissertation author is a co-primary researcher and author (with Ying Li). Ryan
Kastner and Lan Chen directed and supervised the research which forms the basis for Section “Digital
Transceiver.”
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signal was just above 200 mV,, at this distance and hence could just be detected
above the converter’s noise. This test proved that our analog hardware could transmit
to a considerable distance and would likely be able to transmit to a farther distance
given a low-noise power supply at the receiver and further improvements to the analog
transceiver.

DiGitaL TesTING

For digital testing, we purchased a prototype test platform, the DINI DMEG-AD/
DA" that includes analog-to-digital and digital-to-analog converters, a Xilinx
Virtex-4 FPGA, an onboard oscillator, and a serial port and downloaded the HW/SW
codesign to the board. We also purchased two M-Audio ProFire 610 devices' to col-
lect and store received waveforms for postanalysis. We conducted hard-wired and
bucket tests of the digital transceiver as described in the subsections below.

Hard-Wired Tests

To verify the functionality of our complete FPGA digital transceiver, we downloaded
the HW/SW codesign to the DINI board, connected the output of the DAC directly
to the input of the ADC, and sent packets consisting of the 15-bit Gold code of
“011001010111101” followed by 8 bits (for easy visual verification of the data) or 100
bits (a data length comparable to that sent by sensors) of randomized ones and zeros.
We used HyperTerminal to give the command to send a packet at random times and
to display the decoded results of the modem. We used ChipScope Prot to view the
internal waveforms.

Figure 7.9 shows some of the internal waveforms and signals from a 100-bit data
length test. The blue signal shows the output of the band-pass filter centered on
the space frequency in the demodulator and the green signal shows the output of the
band-pass filter centered on the mark frequency in the demodulator. Note that the
data_in signal exactly aligns with the waveforms. The decoded result (decode_
resulf) is a delayed version of the input signal due to the 80, 16 kHz clock cycles
required for synchronization initialization.

Fifty 100-bit data length packets were sent, all achieving perfect synchronization
and 0% BER, thus verifying the correct operation of the hardware.

Bucket Tests

For our initial in-water tests of the digital hardware, we sent a packet consisting of
the 15-bit Gold code of “011001010111101” followed by a 100-bit packet of random-
ized ones and zeros with the M-Audio device through a 12-in. bucket of fresh tap
water and used the DINI board to synchronize and demodulate the data. Figure 7.10
shows a snapshot of the test result from postanalysis with ModelSim.

The four signals in the figure are: the output signal of the down converter ($DDC
out$), the output of the reference cross-correlation block ($correlation$) used for

* DINI Group, DNMEG_ADDA, http://www.dinigroup.com/index.php?product=DNMEG_ADDA
© M-Audio Ltd, http://www.m-audio.com
# Xilinx Chipscope Pro, http://www.xilinx.com/tools/cspro.htm
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FIGURE 7.10  Snapshot of hardware simulation result for a 12-in. bucket test.

synchronization, and the output of the two band-pass filters in the demodulator. In
the DDC out signal one can observe the FSK realization of the Gold code followed
by the first 8 bits of data (the digital “0” being represented by the sparse waveform
and the digital “1” being represented by the dense waveform). The vertical arrow
labeled “Index” illustrates the synchronized peak found by the hardware which is a
known clock delay from the start of the data (vertical arrow labeled “Actual”). The
bits written to the HyperTerminal revealed 0% BER for the 100-bit packet from the
12-in. plastic bucket. Calculating the SNR as

Var(signal)j

var(noise) 77

SNR =10+*log,, (

at the input to the digital down converter, the SNR in the bucket was 33 dB. The test
was repeated with different data bits 10 times, all producing 0% error.

INTEGRATED TESTS

After verifying the correct operation of the analog and digital hardware separately,
we conducted integrated system tests of the complete modem design in a tank,
pool, and lake. To protect the digital electronics, we added a voltage limiter to the
output of the preamplifier to clip all signals above 1.3 V. To characterize the
multipath in the different environments, we sent a 200-ms 35 k—45 kHz chirp
signal from the transmitter to the receiver to measure the multipath delay spread.
The multipath measurements and test results are described in the following
subsections.

Multipath Measurements

Underwater, there exist multiple paths from the transmitter to the receiver, or mul-
tipath. Two fundamental mechanisms of multipath formation are reflection at the
boundaries (bottom, surface, and any objects in the water) and ray bending (where
rays of sound bend toward regions of lower propagation speed). The amount of
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multipath seen at the receiver depends on the locations of the transmitter and the
receiver and the geometric and physical properties of the environment.

The extent of the multipath at a receiver can be characterized by the multipath
delay spread. Delay spread can be interpreted as the difference between the time of
arrival of the first significant path (typically the line of site component) and the time
of arrival of the last multipath component. Given the amplitude delay profile, A .(7),
with effective signal length, M, the mean delay, T, and the root mean square (rms)
delay spread, 7,,,, are given as [62]:

3" 4, @y
T 7 T (7.8)

> 6

3" (c-1p24,0r
T = n-l (79)

3" A

For FSK, multipath will cause intersymbol interference when the multipath delay
spread is larger than the symbol duration. Intersymbol interference is a form of dis-
tortion of a signal in which one symbol interferes with subsequent symbols. This is
an unwanted phenomenon as the previous symbols have similar effect as noise, thus
making the communication less reliable [63]. Therefore, because the modem has a
symbol duration of 5 ms, the delay spread of the channel must be less than 5 ms to
ensure reliable communication.

To measure the multipath delay spread of the different test environments, we sent
a200-ms 35 k—40 kHz chirp signal from the transmitter to the receiver and used the
DAQ device to collect 5 s of the received signal containing the chirp. We then post-
processed the received signal, correlating the transmitted waveform (the 2 ms chirp)
with the received waveform to form the amplitude delay profile. We then used
Equations 7.8 and 7.9 to compute the rms delay spread. The amplitude delay profiles
and rms delay spread of each test environment are given in the following subsections
along with performance results.

Tank Tests

We conducted an initial full integrated system test in a 0.5 X 1 x 0.5-m tank filled
with fresh water with the transducers spaced 50 cm apart. Five packets consisting of
the reference code followed by 1000 randomized bits were sent from the transmitter
to the receiver using all power levels. Calculating the SNR as

(7.10)

SNR = 10*log,, (Var(mgnal)]

var(noise)

at the input to the digital transceiver was 28 dB for all power levels as the signal was
clipped to 1.3V, at each level. All tests revealed 0% BER.
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Canyon View Pool Tests

We conducted another full integrated system test at the UCSD Canyon View Pool,
a 50 m X 25 m concrete pool with a depth of 1 m at the shallow end and 5 m at the
deep end filled with chlorinated fresh water. At a distance of 50 m, we sent a packet
of 400 symbols followed by a 400-symbol clearing period followed by another
packet of 400 symbols using all power levels. The transducers were submerged to
a depth of 10 cm and placed along the 50-m side of the pool to avoid swimmers.
The digital hardware was able to successfully detect the start of each packet, but
failed to accurately demodulate the data, achieving only 25% BER with an SNR of
14 dB (for all power levels). The rms delay spread in the pool was computed to be
21.3 ms, thus causing severe intersymbol interference. Concrete pools are one of
the most difficult underwater channels due to extremely strong multipath. As
expected, a longer symbol duration or a channel equalizer would have to be added
to the modem to improve the performance of the modem in high-multipath
environments.

Westlake Tests

After completing tests in a tank and a pool, we conducted full integrated system
tests in Westlake, a freshwater lake in Westlake Village, California, at distances of
5, 50, 95, and 380 m. The transmitter was located on a dock, and the receiver was
located on a boat. Five packets consisting of the reference code followed by 1000
randomized bits were sent from the transmitter to the receiver using all power lev-
els. Tests at distances of 95 and 380 m were incomplete due to the inability to
remain near a private dock for a length of time. The calculated delay spreads for the
tests at distances of 5, 50, and 95 m were 2, 1.5, and 2.66 ms, respectively. Multipath
at the distance of 380 m was not measured.

The SNR at the input to the digital transceiver was 34 dB for all power levels at a
distance of 5 m, 21 dB for all power levels at a distance of 50 m, and 9 dB for power
level 4 at a distance of 380 m (power levels 0—3 could not reach 380 m). BERs aver-
aged 2.95%, 0.20%, and 4.13% at distances of 5, 50, and 380 m, respectively. BER
and SNR measurements were not measured at 95 m.

Integrated System Test Summary

The integrated system test results in terms of distance, multipath delay spread, BER,
and SNR are summarized in Figure 7.11. As anticipated, the modem performed well
(having a BER of <5%) in environments with a multipath spread less than 5 ms. The
results also suggest that higher SNR will only improve performance for environ-
ments with low multipath.

SUMMARY

This section described the analog, digital, and integrated system tests used to evalu-
ate the functionality and performance of the complete modem design. These tests
prove that a short-range underwater acoustic modem can be designed from low-cost
components. The tests indicate that the modem can support data rates of 200 bps for
ranges up to ~400 m with the power characteristics given in Table 7.1. Tables 7.6 and
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System test results
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FIGURE 7.11  System test results.
TABLE 7.6
Commercial Underwater Acoustic Modem Comparison
Tx Rx Bit
Frequency Power Range Power Rate Cost
Company Modem (kHz) (W) (km) (W)  Modulation  (bps) [€)
Aquatec AQUAModem 8-16 20 10 0.6 DSSS 300- >7600
2000
DSPComm AquaComm 16-30 Varied 3 Varied DSSS/ 480 6600
OFDM
TriTech MicronModem 20-24 7.92 0.5 0.72 DSSS 40 3500
WHOI MicroModem 25 <50 1-10  0.23/2 FSK/PSK  80/5400 8100/
9400
Benthos ATM885 16-21 28-84  2-6 0.7 FSK/PSK  140- 7200-
15,360 11,000
EvoLogics S2CM48/78 48-78 2.5-80 1 0.5 S2C 15,000 12,500
LinkQuest UWM2000H NS 1.5 0.8 NS Proprietary 9600 7000
Ours Low cost 40 1.3-7.0 400 042 FSK 200 3502

Note: DSSS, direct sequence spread spectrum; FSK, frequency shift keying; PSK, phase shift keying;
OFDM, orthogonal frequency division multiplexing.
4 Component cost only.
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TABLE 7.7
Research Underwater Acoustic Modem Comparison

Bit Rate  Range Bit Error
Modem Platform Modulation (bps) (km) Rate Reference
uscC MCU FSK NS NS 107 (coded) [43]
UcCI Tmote FSK 12 5 10% [65]
uConn DSP Varied Varied Varied NS [66]
AquaModem DSP DSSS 133 440 1% [38]
Kookmin MCU NS 5000 30 NS [67]
AquaNode MCU FSK 300 400 NS [45]
Ours FPGA FSK 200 400 4% [18]

Note: DSP, Digital Signal Processor; DSSS, direct sequence spread spectrum; FPGA, Field
Programmable Gate Array; FSK, frequency shift keying; MCU, microcontroller.

7.7 show how the modem compares with existing commercial and research modems,
respectively.”

CONCLUSION

This section described the design and initial testing of a functional low-cost under-
water acoustic modem prototype for short-range underwater sensor networks. The
modem can support data rates of 200 bps for ranges up to ~400 m in environments
with multipath delay spread of less than 5 ms. We conclude by discussing possible
future improvements to the modem to make it more versatile for a wider variety of
sensor network applications and underwater environments.

Power Reduction: Reducing power consumption (particularly idle power con-
sumption) is essential to ensure a longer deployment lifetime on a limited battery
supply. Further improvements could be made to the analog and digital transceivers
to make them more power efficient and a low power wake-up circuit could be added
to greatly reduce listening/idle power.

Wider Bandwidth, Higher Bit Rate: The existing FSK modulation scheme uses
only a 1 kHz bandwidth that achieves a theoretical maximum bit rate of 500 bps and
a practical bit rate of 200 bps. As the transducer is power efficient over a 5 kHz band,
the bandwidth of the receiver could be widened to amplify signals over the 5 kHz
range allowing for a modulation scheme that uses more bandwidth allowing higher
data rates. However, the widening of the receiver bandwidth comes at a cost of reduc-
ing gain, thus reducing transmission range.

Low-Power DSP: The existing digital transceiver design was implemented on an
FPGA that provides comparable power consumption to other low-power research

* Selections of Section “System Tests” are in part a reprint of the material as it appears in the Proceedings
of the IEEE Oceans Conference. The dissertation author was a coprimary researcher and author along
with Ying Li, Brian Faunce, and Kenneth Domond. The other coauthors listed in Reference [64]
directed and supervised the research that forms the basis of Section “System Tests.”
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modem designs. Because the FPGA does not offer considerable power savings over
the other designs (see Table 7.5) and because FPGA design time is so high, it may
make sense to move the design to a low-power DSP. DSPs can be much more easily
configured and reprogrammed allowing the user to easily modify the modulation
scheme and its parameters.

Channel Adaptive Modem: As shown in the system test results, the current modem
design can only perform well in environments with a low-multipath delay spread. An
adaptive algorithm could be programmed into the modem to measure the channel
characteristics and apply channel equalization and/or lengthen the symbol period for
channels with high multipath.
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INTRODUCTION

MOTIVATION

Magnetic sensors are used in versatile automotive applications such as the position
detection of throttle valves, cam- and crankshafts, pedals, wipers, winders, and so
on. Before assembling these sensors in a car, each device is extensively tested not
only electrically but also magnetically. Consequently, dedicated test equipment is
needed to generate magnetic reference fields emulating the fields during application.
These reference fields are used to decide which parts are sorted out and which are
free from defects. Thus, it is essential that the magnetic field vector at the position of
the device under test (DUT) exactly meets the desired properties such as direction
and absolute value of the magnetic field. Errors of the reference field affect the test-
ing of millions of parts, and, therefore, the equipment is not assembled in the test
environment before it is well analyzed. For this purpose, a highly accurate three-
dimensional magnetic sensing system is needed to measure the spatial dependency
of the magnetic field in the volume where the DUT is positioned.

APPROACH

The magnetic field is described with three degrees of freedom in every point in space
which is represented by a vector field. Today, there are integrated magnetic sensors
available that measure precisely the strength of the magnetic field in one direction.
Combining three one-dimensional sensors on one silicon die or in separate packages
allows for measurements of all three components of the magnetic field. Attaching
such a three-dimensional magnetic field sensor to moving axes realizes the position-
ing of the sensor to arbitrary points near the field source. Furthermore, a probe is
added to the moving axes so that the geometry of the field source can be measured.
We call such a system a magnetic and coordinate measuring machine (MCMM)
which is able to measure the magnetic field of an arbitrary field source in all three
directions and relate the results to the geometry.

OuTLoOoK

The rest of the chapter is organized as follows. First, a short introduction to magnetic
sensors is given focused on Hall sensors that are used for the presented measurement
setup. Second, the functional principle of a CMM is discussed, which includes mov-
ing axes and a probe to measure geometrical characteristics of an object. Thirdly, the




Accurate Scanning of Magnetic Fields 215

scanning of magnetic fields is explained, and the approach of standard measurement
systems is shown. Then, the measurement principle of an MCMM is presented,
which allows for measurements of strongly inhomogeneous magnetic fields. In this
system, the position and alignment of the magnetic sensor has to be calibrated. To
this end, a calibration method is shown that uses a reference field generated by a
straight conductor. Moreover, a method is presented that calibrates the alignment of
a magnetic sensor with high precision. Finally, a measurement example is given that
illustrates the working principle of an MCCM.

MAGNETIC SENSORS

OVERVIEW

There is a wide choice of magnetic sensors for a multitude of applications [1]. The
majority of these sensors are used to detect secondary information, for example,
digital reading heads for hard disks, magnetic switches in car doors, or magnetic
sensors that measure contactless position, angle, or rotational speed. For our applica-
tion, a sensor is needed that provides the primary information of the magnetic field,
respectively, the components of the magnetic flux density vector.

Today, the magnetic sensor with the highest sensitivity is the superconducting quan-
tum interference device (SQUID) [2]. This sensor consists of a superconductive ring
and one or two Josephson contacts. A drawback of a SQUID sensor is the low tempera-
ture for the superconductive material. Another magnetic sensor is based on the fluxgate
principle. This sensor consists of a soft magnetic core surrounded by an excitation and
sensing coil. While the excitation coil periodically drives the core in saturation, the
field component in the direction of the core can be measured with the output signal of
the sensing coil. Furthermore, we have to mention magnetoresistive sensors that change
their electric resistance under the influence of a magnetic field. Most magnetoresistive
sensors are based on spin-dependent effects, for example, the giant magnetoresistance
[3], the anisotropic magnetoresistance [4], the tunnel magnetoresistance [3], and the
colossal magnetoresistance [5,6]. Other magnetoresistive sensors like the ordinary
magnetoresistance and the extraordinary magnetoresistance [7] are based on the
Lorentz force. In addition, there are non-magnetoresistive sensors also based on the
Lorentz force such as magnetodiodes and magnetotransistors [8]. However, the preva-
lent magnetic sensor based on the Lorentz force is the Hall sensor [9].

For scanning magnetic fields, the sensing principle is unimportant as long as the
following requirements are fulfilled: (i) the sensor has a unique, linear characteristic
with no hysteresis; (ii) it has an adequate spatial resolution; and (iii) it is sensitive to the
magnetic field range of the field source. In the following section, we focus on magnetic
fields in the range of 10 UT to 200 mT which are typically used for automotive applica-
tions. With this in mind, Hall sensors are the best choice for the measurement system.

HALL SENSORS

In 1879, American physicist Edwin H. Hall discovered a voltage between two oppo-
site contacts of a conductive plate caused by a magnetic field. On the other two
opposite contacts the plate was supplied with a current /, and the direction of the
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magnetic field was perpendicular to the plate. The effect is called the Hall effect and
such a conductive plate with four contacts is called the Hall plate. A schematic draw-
ing of a simple Hall plate geometry is shown in Figure 8.1.

In an electromagnetic field a charge Q is influenced by the Lorentz force

F, =QE+Q( xB). 8.1)

The first term in Equation 8.1 describes the electrostatic force Ii, and the second

term the magnetic force Fmag. It is assumed that the charge transfer consists only of
electrons that are charged with the negative elementary charge Q = —e,. Without any
magnetic field, there is only an electrical field in the direction of the current density
which corresponds to the y direction (see Figure 8.1). With an external magnetic field,
the magnetic part of the Lorentz force causes a force pushing the electrons in the x

direction. This separation of charges generates an additional electrical field in the x

direction which is called the Hall field, Ej. In the steady state, the electrical force
from the Hall field completely compensates for the magnetic part of the Lorentz force:

—e,(VXB)—¢,E, =0. 8.2)
In the center of the Hall plate, the current density has a component in the y direc-
tion only, which can be computed as

i="Lgz (8.3)
wt -’

where ¢; is the unit vector in the i direction with i € {x, y, z}. With the smooth-drift
approximation, the velocity of the electrons can be written with the number of free
electrons N as

(8.4)

FIGURE 8.1 Schematic drawing of a Hall plate.
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By summarizing Equations 8.2, 8.3, and 8.4, the Hall field can be calculated as

— .= 1 - = IB IB
E,=—VvXxXB= B) = Xe )=———
=" e, Nwt (@, xe.) ey Nwt b

8.5)

where B is the component of the magnetic induction orthogonal to the Hall plate.
Finally, the electrical field has to be integrated between the two sensing contacts to
calculate the Hall voltage

w

E §=J'E ed=—Tp_kg, IB 8.6)
0

CeN t

which depends on the thickness ¢ of the plate, the current /, and the Hall coefficient
K, [9].

Most of the commercially available Hall plates are integrated sensors that allow
for the implementation of peripheral circuits to improve the sensor performance.
Moreover, the optimization of parameters, such as size, resistance, power consump-
tion, and the reduction of parasitic effects lead to a multitude of different shapes of
Hall plates. The calculation of the Hall voltage with Equation 8.6 holds only for the
shape shown in Figure 8.1, where the sense contacts are small and the length is larger
than the width. For all other shapes, Equation 8.6 has to be corrected with a geo-
metrical factor. Besides standard Hall plates, which measure the magnetic field com-
ponent normal to the surface of the silicon chip, there are vertical Hall plates
available, which measure the magnetic field component parallel to the surface of the
chip. The combination of standard and vertical Hall plates allows for fully integrated
sensors measuring the magnetic field in three directions [10].

COORDINATE MEASURING MACHINE

WORKING PRINCIPLE

The manufacture of mechanical constructions with high precision requires quality
checks of the dimensional accuracy. A real construction never exactly meets the
ideal shape. It is only a question of what range are the tolerances. Usual measurement
quantities are the size of features, the position of features relative to part coordinates,
the distances between features, the form of features, such as flatness, circularity, and
cylindricity, and angular relationships between features, such as perpendicularity.
The coordinate measuring machine (CMM) was developed to measure these quanti-
ties flexibly, accurately, fast, and automatically [11,12]. To this end, a CMM detects
several points on the surface of the DUT which results in a large amount of data (see
Figure 8.2 [13]). Then, the measurement points are fitted to geometrical objects such
as lines, planes, sphericals, cylinders, and so on. All objects together result in a
reconstructed shape of the construction. Finally, a comparison of the ideal and the
reconstructed shape provides the required quantities listed in the foregoing.

The detection of the measurement points is realized with moving axes including a
frame of reference and a probe that detects the surface of the construction. This system



218 Optical, Acoustic, Magnetic, and Mechanical Sensor Technologies
Real shape Measuring points ~ Reconstructed shape Ideal shape
< R
) |essidems o | <O
o PR
W U

[ Comparison ]

FIGURE 8.2 Working principle of a coordinate measuring machine according to Keferstein
and Dutschke (Adapted from C. P. Keferstein and W. Dutschke. Fertigungsmesstechnik:
Praxisorientierte Grundlagen, moderne Messverfahren. Wiesbaden, Germany: B. G. Teubner
Verlag, 2008. © Teubner 2008.)

is usually controlled by a computer that executes the measurement program and that
can be used for the fitting and the postprocessing. The working range and the accuracy
of CMMs reach from the nanometer scale up to a few meters (see Figure 8.3 [14])."

MovVING AXES

The moving axes change the position of the geometrical probe relative to the DUT.
There are versatile types of systems that move the geometrical probe, the DUT, or
both relative to each other. At each position, the geometrical probe detects a point on
the surface of the DUT. Common moving axes consist of three linear axes adjusted
orthogonal to each other which provide a Cartesian coordinate system. Nevertheless,
there are also non-Cartesian systems, for example, with two linear axes and a rotary

navigalor:

FIGURE 8.3 (a) Ultra precision coordinate measuring machine (CMM) with a measuring
range of 100 x 100 x 40 mm? and an accuracy of 50 nm. (Adapted from T. Ruijl. Ultra Precision
Coordinate Measuring Machine. PhD thesis, University of Delft, 2001.) (b) Navigator series
CMM from the Leader Metrology Inc. with a measuring range of 5 X 2.5 X 2 m? and an accu-
racy of 30-100 um.

* Leader Metrology, Inc., 2423 Computer & Space Building College Park, Maryland USA 20742.
Navigator Series CMM, 20009.
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stage that provide a cylindrical coordinate system, and so on. Furthermore, there are
CMMs with more than three moving axes that define not only the position but also
the alignment of the geometrical probe with respect to the DUT.” Moreover, the
realization of a CMM with the same coordinate system and the same number of
moving axes is versatile, which can be exemplarily seen in Figure 8.4.

The moving axes are connected to each other with structural elements usually
made of granite or metal. Each axis is realized with a supporting bearing, a drive
system and a feedback element. The supporting bearing defines the direction of the
rotation or movement. It is important that this bearing is precise so that the desired
degree of freedom is changed only, for example, for a linear axis the bearing should
avoid a rotation, or a shift orthogonal to moving direction. The drive system changes
the degree of freedom which is realized with DC or AC motors for high forces and
long ranges, and with piezoelectric actuators for very small working ranges [15].
Since the drive system is not sufficiently accurate, there are feedback elements that
measure the actual position of the moving axis. Common approaches for the
measurement are laser interferometers, glass scales and capacitive systems. All feed-
back elements and the drive systems of all axes are connected to a controller that
provides a comfortable interface to adjust the position of the moving axes. Furthermore,
there are controllers available that provide additional features, for example, the trans-
formation of the position in different coordinate systems, the movement on complex
paths such as circles or ellipses, the definition of the acceleration and velocity during
the movement, a direct coupling with the geometrical probe, and so on. In the follow-
ing, the combination of the driving system, the feedback elements, and the controller
is denoted as moving axes. However, in some literature, this combination is also
denoted as CMM, although it does not include a geometrical probe.

FIGURE 8.4 Example for two types of Cartesian coordinate measuring machines: (a)
Horizontal arm; (b) Gantry. (Reprinted from C. P. Keferstein and W. Dutschke.
Fertigungsmesstechnik: Praxisorientierte Grundlagen, moderne Messverfahren. Wiesbaden,
Germany: B. G. Teubner Verlag, 2008. With permission. © Teubner 2008.)

“ Physik Instrumente (PI) GmbH & Co. KG, Auf der Romerstr. 1 76228 Karlsruhe. M-810 Miniature
Hexapod, 2008.
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GEOMETRICAL PROBES

The geometrical probe is the connection between the surface of the DUT and the
frame of reference of the moving axes. To use the full resolution of the moving axes,
the CMM needs a suitable sensor. A wide variety of sensors with their own advan-
tages and disadvantages are available.

An important group of sensors are tactile probes that consist of a probing pin and
a contact tip that is moveable mounted. For the detection of one point, the moving
axes of the CMM place the sensor next to the DUT so that the contact tip touches its
surface. There are two different sensing principles (see Figure 8.5).

The dynamic principle consists of a switching probe that gives only information
about contact and no contact. For detection, the probe is moved in the direction of the
DUT until the signal state changes. This type of tactile probe has to be connected to
the controller so that the exact position is saved and the movement is stopped when
the probe touches the DUT. The second tactile sensing principle is the measuring
probe that outputs the deflection of the contact tip. For the measurement, the probe
has to be placed next to the DUT so that the probe touches its surface, and the probe
is still inside its measuring range. Then, the touching point of the contact tip can be
calculated by using the information of the deflection. A problem of tactile probes is
the stress generated between the contact tip and the DUT. This may lead to surface
damage of the DUT, and has to be compensated by reducing the probing force.
Furthermore, the detection of elastic objects is difficult.

Another important group of geometrical probes are based on optical concepts. The
main advantage is the contactless measurement and the measurement speed. A disad-
vantage is the susceptibility to different optical surface properties, for example, color,
lighting, reflection characteristic, transparency, and so on. The variety of optical
sensors reaches from a one-dimensional sensor up to full three-dimensional sensors
with versatile measurement principles such as the autofocus sensor,” the triangulation
laser [13], conoscopic holography [16], and the chromatic white light sensor [13]. An

Permeable core

3x, for
every axis

FIGURE 8.5 Two types of tactile probes: (a) Switching principle; (b) Measuring principle.
(Reprinted from C. P. Keferstein and W. Dutschke. Fertigungsmesstechnik: Praxisorientierte
Grundlagen, moderne Messverfahren. Wiesbaden, Germany: B. G. Teubner Verlag, 2008.
With permission. © Teubner 2008.)

* Optische Prizisionsmesstechnik GmbH, Nobelstr. 7, 76275 Ettlingen, Germany. A F16 Autofokussensor,
2009.
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FIGURE 8.6 Working principle of a chromatic white light sensor. (Reprinted from Claus P.
Keferstein and Wolfgang Dutschke, Fertigungsmesstechnik: Praxisorientierte Grundlagen,
moderne Messverfahren, B. G. Teubner Verlag, 2008. © Teubner 2008.)

explanation of the sensing principle is given for the white light sensor only, because
this is the sensor used in the measurement setup presented in Figure 8.6.

This sensing principle exploits the effect of chromatic aberration of the focus lens
(see Figure 8.6). Chromatic aberration is the dependency of the focal length of a lens to
the wavelength of the light. For the measurement a broadband light source (e.g., tung-
sten halogen lamp) is focused by a lens with chromatic aberration toward the surface
of the DUT. The white light is separated along the optical axis in order of increasing
wavelength. That means the focal length of blue light is shorter than the focal length of
red light. Radiation reflected from the surface is collected by the very same object lens.
This is the reverse process of the imaging described above, and also works best for the
wavelength which is in focus. On the way back, the radiation is directed into a spec-
trometer. An external computer or an internal electronic determines the wavelength
where the signal is maximal and calculates the distance to the measuring object.

For a geometric sensor, we selected an optical sensor because the contactless mea-
surement avoids any damage of the DUT, it is faster, and the risk of a collision with
the DUT is lower. From the different types of optical sensors the chromatic white
light sensor is chosen, because it has a high axial resolution, a small spot size (a high
lateral resolution), it is robust against variation of the optical properties, the measuring
is coaxial with no shadowing in one direction, and the sensor head is totally passive
and nonmagnetic.

MEASURING THE SPATIAL DEPENDENCY OF MAGNETIC FIELDS

STRAIGHTFORWARD APPROACH

A common approach to measuring the spatial dependency of magnetic fields is the
combination of moving axes and a magnetic sensor.” For the measurement, the mag-

* Dr. Brockhaus Messtechnik GmbH & Co. KG, Gustav-Adolf-Str. 4, 58507 Liidenscheid, Germany.
XYZ Field Scanner.
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netic sensor is positioned at several points where the magnetic field is measured.
Such a scan provides roughly the field vector with respect to the geometry of the field
source. Nevertheless, the main problem of such a system is that the exact position
and alignment of the magnetic sensor and the field source are unknown. In detail, the
magnetic sensor is usually assembled in a ceramic or plastic package. Inside this
package, the position of the silicon die varies in the range of microns to =150 pum.
Then, the package is mounted to an attachment that connects the sensor with the
moving axes which also causes mechanical errors (see Figure 8.7). Overall, the posi-
tion of the magnetic sensor with respect to the coordinate system of the moving axis
can be determined to an accuracy of £300 wm, and typical alignment errors are in the
range of +3°. Furthermore, the positioning of the field source in the measurement
setup is also accompanied by mechanical tolerances so that its orientation and exact
position are also unknown. This reduces not only the absolute accuracy but also the
repeatability. For homogeneous magnetic fields, these mechanical tolerances may be
neglected. However, if strongly inhomogeneous fields have to be measured, for
example, with a gradient of 1%/10 um as used in automotive applications, mechani-
cal tolerances are the crucial source of error.

MAGNETIC AND COORDINATE MEASURING MACHINE

To overcome problems caused by mechanical tolerances, an accurate system includes
not only a magnetic sensor and moving axes but also a geometrical probe. We denote
this system as MCMM, because it consists of a magnetic sensor and a CMM. A sche-
matic drawing of an MCMM and a photograph of a real setup are shown in Figure 8.7.

Having a geometrical probe beside the magnetic sensor has the advantage that the
geometry of the field source can be measured so that its exact position and alignment
in the coordinate system of the moving axes are known. In the coordinate system of
the moving axes, the reference axes of the DUT are represented by X,,, ¥,,, Z,,, and

Optical
sensor
Magnetic
sensor

FIGURE 8.7 Photograph (left) and schematic drawing (right) of the setup of a magnetic and
coordinate measuring machine. The reference frame of the moving system has the coordinates
X, Y, z, and the coordinates of the field source or the device under test are denoted as x,,, y,,, Z

me
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the origin is given by 6,,. With this description, any point 7 of the coordinate system
of the moving axes can be transformed to the frame of reference of the DUT

Xt Xmz X3

Zm 2 Zm3

In the next step, the magnetic sensor should be moved to points with respect to
the axes of reference of the DUT. This requires that the distance between the mag-
netic and geometric sensor is known. Moreover, the measured field vectors can be
transformed to the coordinate system of the field source only, if the alignment of
the magnetic sensor in the measurement setup is known. Therefore, a calibration
of the alignment and position of the magnetic sensor in the measurement system is
necessary.

PARAMETERS OF CALIBRATION

The measurement of all three magnetic field components requires at least three
one-dimensional sensing elements which are in this case Hall plates. The calibra-
tion of one sensing element requires the measurement of three degrees of freedom
for the position vector p, and two degrees of freedom for the alignment 7, (see
Figure 8.8).

FIGURE 8.8 Schematic drawing of the measurements setup including the parameters of
calibration.
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So, in general, 15 degrees of freedom have to be calibrated for all three directions
(pgi» Ny withi € {x, y, z}). However, if a multidimensional sensor is assembled, and
the alignment and position of the sensing elements are exactly known relative to each
other, not all distances and normal vectors have to be measured.

Besides the calibration of assembly tolerances, important parameters of magnetic
sensors such as offset and sensitivity have to be calibrated. The offset can simply be
measured without any field source whereas the calibration of the sensitivity S; with
i € {x,y, z} requires an external reference field.

In the following, a method is presented that determines all parameters of calibra-
tion such as alignment, position, and sensitivity of the Hall plates. Moreover, a
method is shown that calibrates the alignment of a magnetic sensor with high
precision.

MEASURING THE MAGNETIC FIELD WITH RESPECT TO THE GEOMETRY
OF THE FIELD SOURCE

After the optical measurement, the orientation and position of the field source is
known. Furthermore, the calibration provides the position and orientation of the
magnetic sensor with respect to the geometrical probe. With this information,
the position of the moving axes 7, with i € {x, y, z} can be calculated so that the

magnetic sensor is placed at the position 7’ in the coordinate system of the field
source

Fo = AV +0, — Py - (8.8)
Moving all three sensors to the position 7” results in the three output signals

M,(F') =S, fiy, - B(GF’) with i€ {x,y,z}. (8.9)

Rewriting this equation and combining all three measurement values results in
the magnetic flux density vector with respect to the coordinate system of the moving
axes

-1 —
an] an2 an3 Mx(r )/S\'
B(F)=|ng, ng, ngs| | M,FS, (8.10)
nle nBz2 }’le3 Mz (7’)/S”

Finally, the measured field vectors can be transformed to the coordinate system of
the field source

B'(+")= A B(F’ (8.11)

so that assembly tolerances have no influence anymore.
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CALIBRATION OF AN MCMM
CONDUCTOR

Method

For the calibration of the position, alignment, and sensitivity of the magnetic sensing
elements, an inhomogeneous reference field source is used which has a strong relation
between its magnetic field and its geometry. Moreover, the magnetic reference field
I§, (x,y,2)= B, () can be described analytically. First, the optical sensor measures the
position and alignment of the field source so that the magnetic reference field is
known. With this information, the output signal M, of any sensing element can be
calculated as a function of the sensitivity S;, the alignment 7ig,;, and the position py;

M, =S, iy B.(F = By). (8.12)

Then, the magnetic sensor scans the field which results in the output signal 1\7Il-.
Finally, an optimization problem is formulated where the mean-squared error
between the calculated and measured values should be minimized

min | M, =M, IE. (8.13)

S;+Tigi Dpi

Solving this minimization problem results in the unknown parameters of
calibration.

Reference Field

The reference field is provided by a current-supplied straight conductor with a circu-
lar cross section. If all materials are nonpermeable and the conductor is assumed to
be infinite, the magnetic induction outside of the conductor is given by

- I_
B.(a)= ;;a g (8.14)

where a denotes the orthogonal distance to the axis of the conductor, and ¢, the tan-
gential unit vector with respect to the axis of the conductor [17]. In the coordinate
system of the moving axes, the axis of the conductor is defined by the linear
equation

§.M)=p. +rd,, (8.15)

where p, is the position vector and c?c the direction vector. With this description, the
magnetic field of the conductor is represented by

Bry=tel i) .
DR RIS ST

(8.16)
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Generating the Reference Field

To generate the reference field, a conductor made of copper is stretched and then
glued to a frame made of aluminum (see Figure 8.9). The stretching supports the
conductor axis to be straight and the cross section to be circular. On the frame, the
position of the conductor is defined by a small guiding channel that is filled with
adhesive. At the ends, the conductor is completely covered with adhesive, since the
connection of the conductor to the power supply results in mechanical stress in these
areas. Moreover, the adhesive is optimized for metallic surfaces and has a high ther-
mal conductivity that is important for heat dissipation from the conductor to the
attachment.

The frame is anodized to electrically isolate the conductor from the aluminum
attachment so that it is surrounded by a hard coating. In the center, there are two
openings so that the magnetic sensor can be positioned over and beside the conduc-
tor. Moreover, the frame can be attached with fixing pins and reamed holes in the
measurement setup in several orientations (see Figure 8.4). Finally, optical measure-
ments of the conductor surface in the range of £70 mm around the center show that
the error of the geometry compared to an ideal cylinder is in the range of +10 pm.

Orientation of the Conductor

The orientation of the conductor has to fit to the orientation of the magnetic sensing
element to assure an adequate measurement signal. If the axis of the conductor and
the normal vector of the sensing element are in parallel no measurement signal
occurs. Second, the surface of the conductor has to be measured optically, thus, an
orientation of the conductor parallel to the z axis of the moving axes is not possible.
Thirdly, the conductor is homogeneous along its rotation axis, and a measurement in
one orientation restricts the position of the magnetic sensing element only to a line
parallel to the conductor axis. Therefore, at least two measurements with different
orientation of the conductor are necessary. Finally, after all considerations, four ori-
entations of the conductor are enough to calibrate all three sensing elements (see
Figure 8.10).

Realization

The calibration of one magnetic sensing element requires that the conductor is
attached in two orientations. For each orientation the geometry is measured with the

optical sensor first so that the position vector p, and the direction vector c?c is known,
and the magnetic reference field can be calculated according to Equation 8.16. Then,
a scan with the magnetic sensing element around the conductor is performed and the
optimization problem in Equation 8.13 is formulated. Finally, solving this problem
leads to the desired calibration parameters such as the position pj, the alignment 7,
and the sensitivity S.

FIGURE 8.9 Conductor while it is stretched and glued to the aluminum frame.
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Orientation 3|

FIGURE 8.10 Possible orientations of the conductor in the frame of reference of the moving
axes.

Accuracy Assumption

Firstly, the length of the conductor cannot be infinite. If the length is limited, the
strength of the magnetic field is reduced, but the direction does not change [17].
During the measurement, the distance of the Hall plate to the axis of the conductor
is small compared to the length of the conductor, and the reduction of the magnetic
field is around —0.01%.

Secondly, the conductor is supplied with an appropriate current so that effects
caused by a heating-up of the conductor can be neglected. Moreover, at each mea-
surement point, the conductor is supplied with a positive and negative current. For
this differential measurement, the output is the average of the measurement value at
positive current and the negative measurement value at negative current. This calcu-
lation filters out all offsets caused by the magnetic sensor or by external fields. It
should be mentioned that all even terms of a nonlinear sensor characteristic are also
canceled by this differential technique, even though the characteristic of Hall probes
is sufficiently linear within the field range applied during calibration.

The supply cables and the coupling of the reference field with permeable material
around the setup generate an interference field at the position of the sensor which is
not eliminated by the differential measurement technique. Although all attachments,
screws, and so on, are made of nonmagnetic materials, there are some parts in the
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moving system, such as the guide rails, that are permeable. Both the supply cables
and the permeable material are far away compared to the distance between the mag-
netic sensing element and the conductor. Therefore, the interference field is almost
homogeneous at the position of the sensing element and can be approximated by a
constant term. This term is additionally fitted

M; =S, 'Er(F_pBi)-i_Moffset (8.17)

so that the impact of the supply cables and permeable materials is sufficiently
suppressed.

Finally, all sources of errors are combined in one model. To this end, the magnetic
fields of the conductor and the supply cables are calculated by means of the Biot
Savart law. Moreover, in the range of £70 mm, the axis of the conductor is repre-
sented by the data measured by the optical sensor which considers the tolerances of
the conductor geometry. Averaging the magnetic field over several points around the
center of the sensor takes the finite size of the Hall plate into account. Finally, noise
is added to the averaged measurement signal and a Monte Carlo simulation is per-
formed which results in probability distributions of the calibration parameters (posi-
tion, alignment, and sensitivity). With the results of the model, the accuracy of the
CMM, and a temperature stability of 0.5°C, the accuracy of the setup is estimated to
be 10 um for the position, 0.1° for the alignment, and 0.4% for the sensitivity.
Moreover, if a higher accuracy for the sensitivity is needed, the sensor can be cali-
brated in a Helmholtz coil, and a higher accuracy for the alignment can be reached
by using the calibration algorithm explained in the following section.

AcCCURATE ANGLE CALIBRATION

Method

For the accurate calibration of the alignment, an integrated magnetic sensor with
multiple magnetic sensing elements on one silicon die is required. The position of the
sensing elements on the die is precisely known from the layout of the chip. Moreover,
all elements are located in a plane representing the surface of the die. During calibra-
tion, the distance between several sensing elements is detected with respect to the
coordinate system of the moving axis. For this measurement, the sensor is moved on
a line in the reference field generated by a magnetic core. Then, the zero crossings of
the output signal of the sensing element are compared, which provides the distance
in one direction. Furthermore, the orientation of the sensor can be uniquely deter-
mined by using the distances between the sensing elements. This method has the
advantage that only the position of the die has to be known roughly in advance, and
the calibration procedure directly provides the alignment of the magnetic sensor
relative to the frame of reference with high precision.

Magnetic Sensor

The calibration method is demonstrated with a test chip that has 15 Hall plates with
a size of 75 X 75 x 2 um? arranged in rectangular grid (see Figure 8.11). Each Hall
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FIGURE 8.11  Test chip with 15 Hall plates provided for experimental purposes by Infineon
Technologies AG (H. Husstedt, U. Ausserlechner, and M. Kaltenbacher. Sensors Journal,
IEEE, 10(5), 984-990, 2010. © 2010 IEEE.)

plate can be operated in the spinning current mode [18,19] which reduces the offset
to =15 uT. The sensitivities of the Hall plates are calibrated with an accuracy of
10.15%, and the absolute detection limit is 7 uT.

The Hall plates of the test chip are one-dimensional sensing elements that mea-
sure the component of the magnetic field orthogonal to the surface of the silicon die.
Hence, a measurement of all three degrees of freedom of the magnetic field would
require three of these test chips orientated orthogonal to each other, or a test chip
with three-dimensional Hall sensors. However, for the demonstration of the calibra-
tion method one-dimensional Hall plates are sufficient.

Misalignment of the Silicon Die

The position and orientation of the Hall plates are described by vectors with respect
to the frame of reference of the moving axes. The position of the center Hall plate
no. 2 is defined by p (see Figure 8.12).

Furthermore, all Hall plates are located in the surface of the die, which is sup-
posed to be plane. Any point in this surface can be expresses by a linear combination
of two orthonormal vectors 7,, 71, . If the position of the ith Hall plate is denoted as 7:
the vectors 7, 11, read as

n=0G—)/E-5Kl, (8.18)

7’22(’710_’79)”’710_79" (8.19)
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FIGURE 8.12 Die surface of the test chip perfectly aligned to the reference frame (x, y, z)
of the moving axis.

The die is ideally aligned in the frame of reference, if 7, points in the x direction,
and 71, in the y direction. For the orientation of the die plane a multitude of descrip-
tions is possible, for example, with Euler angles [20]. In the following, a more intui-
tive description is applied where the angles are used, which an observer would see
when s/he is looking from each direction of the reference frame (x, y, z) on the ortho-
normal vectors 7, and 7,. The angle o is defined between the y axis and the projec-
tion of 7, on the yz plane

tano, =n,_/n,,, (8.20)

and o, denotes the angle between the x axis and the projection of 7, on the xz plane

tano, =-n, /n,. (8.21)

For the angle o, the projection of either 7, or 7, on the xy plane can be used. We
define this angle between the x axis and the projection of 7, on the xy plane as

tano, =n,,/n,. (8.22)

An example of a tilted test chip is shown in Figure 8.13 with o, = 20°, o, = 20°,
and o, = 30°.

The tangent function is unique for misalignments in the range of £90° so that the
vectors 7, and 7, can be represented only by the angles o, o, and ... To this end,
the definitions of the angles and the orthonormal properties are used which results in

_ ¢ ttanoe, —tano, e,
=

= , (8.23)
\/1 +tan’ o, +tan® o,
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FIGURE 8.13 Example for a tilted die witha,, = 20°, o, = 20°, and o, = 30°, where D is set
to zero.

(tana, tanor, —tanor, )&, +&, +tana, @

Xz

n, =
2
\/1+ tan? o, +(tan o, tanco, —tan ocz)

’ (8.24)

where ¢; denotes the unit vector in the i direction with i € {x, y, z}. In the following,
only three Hall plates (nos 5, 9, and 10) are used to derive all angles of orientation.
To this end, the distances between Hall plate nos 5 and 9, and the distance between
Hall plate nos 9 and 10 are expressed in terms of the orthonormal basis 7, and 7,

is—T1, =257, (8.25)

7o —7, =1.0038 1, . (8.26)

For Equations 8.25 and 8.26, the distances between the Hall plates are given in
millimeters taken from the layout of the sensor shown in Figure 8.11. If the positions
of the Hall plates are written as

Fo=x8, +yé, +z,2 with je {0,L...,14) (8.27)

the angles, representing the orientation of the die, are simply expressed by

tanot, = (239 = 29)/ (1o — o) (8.28)
tanol, =—(z5 — 2 ) (x5 —x9), (8.29)
tan oL, = (ys = yo)/(xs = X,). (8.30)
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Thus, the alignment of the sensor plane can be calculated from differences of
position of three Hall plates. For this calculation, five differences of position are used
which are not independent from each other. All components of the vectors and all
angles are completely defined only with the measurement of three distances by tak-
ing the orthonormal properties of 7, and 7, into account. Moreover, for small angles
the nominators in Equations 8.23 and 8.24 may be approximated by 1 so that
ny, = n,, =1, and each angle can be calculated only with one distance

tanol, = n,, /1= (z,y — 2,)/1.0038, (8.31)
tano, = ny, /1=—(z5—29)/2.5, (8.32)
tano, = n, /1= (ys —yy)/2.5. (8.33)

For typical misalignments of +5°, the error of this approximation is less than 1%.

Magnetic Reference Field

In the foregoing, the relation between distances of Hall plates and the exact orienta-
tion of the die with respect to moving axes are presented. Now, the measurement of
distances between Hall plates with high accuracy is shown. To this end, a magnetic
reference field should be designed whose flux density shows a marked pattern only in
one direction while being homogeneous in the other two directions. If the die is
moved in such a field in an inhomogeneous direction, all Hall plates measure the same
field dependency. If the Hall plates are not at the same coordinate in the moving direc-
tion, the measurement curves are shifted against each other. This shift is equal to the
distance in moving direction between the two involved plates.

To generate such a reference field, our approach is a combination of a permanent
magnet with a remanence of 880 mT and steel parts that are precisely manufactured
(£0.01 mm manufacturing tolerance). Although the geometry of a permanent magnet
is inaccurate due to sinter shrinkage, the flux is precisely guided through milled steel
parts whose surface was polished after assembly but before mounting the magnet.
These L-shaped flux guides define a narrow gap similar to reading heads of audio
tapes, and they avoid far-reaching stray fields (see Figure 8.14).

In the volume above and below the air gap, the field lines exit the core and stray
field occurs (see Figure 8.15)." This stray field is highly inhomogeneous in the y
direction and homogeneous in the x direction. In the symmetry plane, that is parallel
to the xy plane, the field has no component in the x direction. Only near the borders
this statement does not hold anymore.

Over the air gap, the field has almost semicircular field lines [21], and can be
approximated by

Z
B,(y,2) = Cm, (8.34)

* Simetris, Am Weichselgarten 7 91058 Erlangen. Numerical Analysis of Coupled Systems, 2009.
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FIGURE 8.14 Dimensions of the magnetic core generating the reference field. The core
is 10 mm thick in the direction perpendicular to the drawing plane. (H. Husstedt,
U. Ausserlechner, and M. Kaltenbacher. Sensors Journal, 1IEEE, 10(5), 984-990, 2010.
© 2010 IEEE.)

-y
B (v,2)=C—"—. (8.35)
. (3,2) Y+ 22

The magnetic core has to be mounted in the coordinate system of the moving axes
with several orientations to measure the distances between the Hall plates in each
direction. In the following section, we confine the discussion to the measurement of
o, with the core mounted as shown in Figure 8.15.

A line plot of the y and z components of the magnetic induction in the y direction
results in curves with a maximum for the y component and a zero crossing for the z
component (Figure 8.16).

FIGURE 8.15 Field lines and magnetic flux density of the magnetic core generating the ref-
erence field. The results are obtained by a two-dimensional finite-element method simulation
calculated using the software NACS with nonlinear permeability.”

* Calculated from Simetris, Am Weichselgarten 7 91058 Erlangen. Numerical Analysis of Coupled
Systems, 2009.
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FIGURE 8.16 Two scans of the magnetic induction orthogonal to the air gap at a distance
of 0.5 and 1 mm relative to the surface of the core. The results are taken from the two-
dimensional finite-element method simulation of Figure 15 which also visualizes the two
scanning paths.

For an ideal symmetric setup the maximum and the zero crossing are located in
the center of the air gap. Along z direction it shows a marked decrease inversely pro-
portional to distance; nevertheless, the locations of zeros and maxima do not change.

Measurement of Distances

If the test chip is moved in a normal direction to the air gap, a characteristic point like
a zero or a maximum can be detected whose position is independent from the x and z
coordinate. At a maximum, the curve is flat and the derivation with respect to the posi-
tion is zero. For this reason, small errors in the magnetic flux density caused by noise
result in large position errors. Therefore, it is more accurate to detect a zero crossing.

Exemplarily, the measurement of o is explained where the difference in y coordi-
nates of the Hall plate nos 5 and 9 is required (see Equation 8.33). In a first step, the
test chip is moved in the y direction while the magnetic core is attached as shown in
Figure 8.15, until zero is detected with Hall plate no. 5. The x position is chosen in a
way so that Hall plate no. 5 is approximately at x = 0, which is the mid-plane of the
magnetic core. In a second step, the test chip is shifted 2.5 mm in a positive x direc-
tion so that Hall plate no. 9 is approximately in the mid-plane of the magnetic core.
At this x position, a scan along the y direction is performed to detect the zero with
Hall plate no. 9. If the die would be ideally aligned to the frame of reference, Hall
plate no. 9 would be at exactly the same position during the second step as Hall plate
no. 5 during the first step. Therefore, the flux density during the scan in the z direction
is exactly the same for both sensor elements.

A tilt of the die has two main effects. Firstly, the orientation of the Hall plates is
changed which causes a reduction of the z component measured. Moreover, if the die
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is tilted by o, the Hall plates also measure field components in the y direction, and if
the die is tilted by o, the Hall plates measure components in the x direction. The
reduction of the z component is small, and it does not change the position of the
zeros. In x direction the field has no component that impairs the measurement
whereas the effect of the mix of the y and z components caused by o, has to be
analyzed. To this end, the approximation from Equations 8.34 and 8.35 is used, and
the flux density of the tilted Hall plate is computed as

zsino, —ycoso,
y2 +ZZ :

BH(y9Z?OLx) = C (836)

Since the position at zero field is detected, By, is set to zero which results in the y
coordinate of the position at zero field as a function of the z position:

Vzero = 2 tan o . (837)

If the die is tilted, the second effect is a different position of Hall plate nos 5 and 9
during the scan in the y direction. The shift in the y direction is the parameter that
should be measured, and the shifts in x and z directions should have no effect, since
the position of the zeros is homogeneous in these directions. However, the combina-
tion of the different z coordinate caused by the tilt o, and the dependency of the zero
crossing caused by the angle o, results in a measurement error for the distance y5 — y,
which is used for the calculation of o... Consequently, the measurement of the angle o,
is impaired by the other two angles. The same holds for the measurement of the angles
o, and o, respectively. Typical misalignments of +5° can be expected which results in
an error of 0.5° for the measurement of one angle caused by the other two angles.

Once the alignment is measured, it is straightforward to compensate for it by
some mechanical tilt mechanism so that the misalignment is reduced by one order of
magnitude (+£0.5° instead of +5°). Then, a second measurement gives even higher
accuracy. In addition, even if there is no possibility to correct the tilt mechanically,
an iterative measurement may also cancel out the error caused by the other two
angles. For this purpose, the distance from the previous measurement has to be used
to adapt the position perpendicular to the moving direction of the two involved sen-
sor elements. This iterative measurement also reduces the impact of small asymme-
tries and wrong orientations of the reference field. Thus, aside from parasitic effects
and mechanical tolerances, the magnetic core theoretically allows one to measure
differences of position without any errors.

Estimation of Accuracy

An analysis of errors that includes the impact of sensor offsets, sensitivity mis-
matches, noise, and a curved die surface results in an accuracy of £0.027° for o, of
the central Hall element no. 2 [22]. So, Hall plate nos 5, 9, and 10 are used for the
measurement of the alignment, and the central Hall plate no. 2 for the actual mea-
surement. This reduces the impact of a curved die surface, because the die is almost
symmetrically curved with respect to the center of the die [23].
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MEASUREMENT EXAMPLE

MEASUREMENT SYSTEM

An example of an MCMM is shown in the left part of Figure 8.7. This setup consists
of a moving system from Feinmess Dresden with a resolution of 0.1 pwm, an absolute
accuracy of +2 um, and a measurement range of £75 mm in all directions. The align-
ment between the moving axes is accurate to £0.004°."f

Secondly, the geometric sensor of the setup is the white light sensor CHRocodileE
RB200031 from Precitec Optronik GmbH with a measuring range of 3300 um, a
resolution in z direction of 100 nm, and a resolution in lateral direction of 6 um. The
white light sensor is a one-dimensional sensor, and it is assembled in the setup so that
it points in a negative z direction. For the geometrical measurement, the white light
sensor is placed near the DUT so that the light beam is focused on the surface of the
DUT. The position of the measurement point is then calculated by subtracting the
optical measurement value o from the z coordinate of the actual position 7 that is
provided by the moving axes (see Figures 8.7 and 8.8).

Thirdly, the magnetic sensor of the setup is a three-dimensional integrated Hall
sensor from Senis GmbH with a measuring range of 200 mT, and an accuracy of
0.1% [10]. Hall probes are chosen for the measurement setup, because they are sensi-
tive to magnetic fields used in automotive applications (10 uT-200 mT), and they
have a linear characteristic without hysteresis.

FiELD SOURCE

As an example, the magnetic field of a neodymium permanent magnet is analyzed.
According to the data sheet, the magnet has a remanence of 1.240 T, it is plated with
nickel, and it has the shape of a cube with the dimensions of 2 x 2 x 2 mm?. To easily
refer to the faces of the magnet, they are numbered equally to the sides of dices
(see Figure 8.17).

FIGURE 8.17 Photograph of the cubic permanent magnet and the magnetic sensor.

* Feinmess Dresden GmbH, Fritz Schreiter Str. 32, 01259 Dresden, Germany. Linear Stage PMT
160-DC, 2009.

* Feinmess Dresden GmbH, Fritz Schreiter Str. 32, 01259 Dresden, Germany. Compact-XY-Stage KDT
380, 2009.
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For the measurement, an attempt is made usually to orientate the field source
toward the axes of the moving system so that only tolerances of the positing have to
be corrected. However, in this example, the magnet is totally misaligned toward the
axes of the moving system to clearly show that an MCMM does not require any pre-
alignments or exact positioning of the field source (see Figure 8.18).

OPTICAL MEASUREMENT

The optical scan results in several measurement points of the surface of the perma-
nent magnet. Outliers due to measurement errors of the white light sensor are fil-
tered out which cause holes in the surface plot of the measurement results (see
Figure 8.18). To compare the real with the ideal geometry, it is necessary to define
the way in which the reconstructed geometry is uniquely created from the measure-
ment points. To this end, several points of each side are selected (see right part of
Figure 8.18), and the least-square solution for the best-fitting plane is calculated for
each set of points.

The intersection lines of these plane equations are also computed. These lines
represent the edges of the reconstructed shape (plotted in Figure 8.18). Moreover, a
unique coordinate system has to be defined for the field source, which also takes into
account tolerances. Usually, it is desired that the frame of reference of the DUT con-
sists of three orthonormal vectors. Therefore, it is not possible to define the axes of
the reference coordinate system to be the edges of the magnet, because they are, in
general, not orthogonal to each other. For this example, the coordinate system of the
magnet is defined by the three orthonormal axes X,,,9,,,Z, and the origin 0,, which
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FIGURE 8.18 Optical measurement results of the scan of the permanent magnet. The holes
in the surfaces occur since outliers of the measurement points are filtered out. On the right
hand side, the points of each surface are plotted which are used for the fitting of the corre-
sponding plane equation.
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are defined as follows: (1) Z,, is parallel to the normal vector of the plane equation of
surface no. 1 and points away from the cube; (2) the origin 0,, is the intersection point
of the three planes 1, 2, 3; (3) X,, is parallel to the intersection line of planes 1 and 3
and points from the origin to the intersection point of planes 1, 3, and 5; (4) y,, is
given by 7, X X,,,.

MAGNETIC MEASUREMENT

In this example, the magnetic field should be scanned in x,, and y,, directions in the
range of 0-2 mm with steps of 0.5 mm, and for a height z,, of 1, 2, and 3 mm.
Before the magnetic measurement is started, the system is calibrated by using a
straight conductor as explained in the foregoing so that the parameters of calibration
(Ppi» Mg, S; with i€ {x,y,z}) are known. With this information, according to
Equation 8.8, the magnetic sensor can be moved to points in the coordinate system
of the field source. Then, according to Equation 8.10, the magnetic field vectors
with respect to the coordinate system of the moving axes, visualized in the left part
of Figure 8.19, can be calculated from the output signals of the three magnetic
Sensors.

Finally, the geometry and the magnetic field vectors are transformed into the
coordinate system of the magnet shown in the right part of Figure 8.19. This plot
demonstrates that the original orientation and position of the magnet and the mag-
netic sensor have no influence on the measurement, and, thus, assembly tolerances
do not impair the measurement results. In addition, the absolute value of the mag-
netic flux density is plotted on the line x, =y, = 1 mm against z,, in the range of
1-3 mm, as shown in Figure 8.20 where the left axis indicates the absolute value and
the right axis the relative change compared to the value at z,, = 1 mm. At this position,

Y (pm) 0 %, (pm)

FIGURE 8.19 Magnetic field over surface 1 of the permanent magnet in the coordinate
system of the moving axes (left) and in the coordinate system of the magnet (right). Moreover,
in both plots, a black grid visualizes the measurement points of the scan.
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FIGURE 8.20 Scan of the absolute value of the magnetic flux density in the z,, direction.

the relative change is about 1.2%/10 um which demonstrates the strong inhomogene-
ity of the magnetic field and the crucial impact of small positioning errors.

CONCLUSION

A measurement principle of scanning magnetic fields with respect to the geometry
of the field source is explained. The corresponding measurement setup consists of a
three-dimensional magnetic sensor and CMM, and, therefore, the system is known
as a magnetic and coordinate measuring machine (MCMM). An introduction to
magnetic sensors and to the working principle of a CMM is given which includes
components such as the geometric sensor and the moving axes. Then, a straightfor-
ward approach of scanning magnetic fields is shown consisting of moving axes and
a magnetic sensor only. Such a setup is affected by assembly tolerances that are the
crucial source of error, if inhomogeneous magnetic fields are analyzed. An MCMM
suppresses the impact of assembly tolerances because the geometry is measured with
the optical sensor first so that the magnetic field vectors can be measured at points
relative to the field source and the field vectors can be transformed into the coordi-
nate system of the measurement object. This measurement principle requires calibra-
tion of several parameters of magnetic sensors such as sensitivity, alignment, and
position. To this end, a method is shown that uses the magnetic field of a current-
supplied straight conductor as reference and calibrates all parameters. Moreover,
another method is discussed that uses several sensing elements on a silicon die to
measure the alignment of a magnetic sensor with high accuracy. Finally, a real mea-
surement setup of an MCMM is presented that consists of an integrated three-
dimensional Hall sensor, a white light sensor, and moving axes. With this setup, the
magnetic field of a cubic permanent magnet is analyzed to demonstrate the working
principle of an MCMM.

To conclude, an MCMM is a tool to measure the geometry and the magnetic
field of an arbitrary field source. After calibration of the setup, the magnetic field
can be measured in the coordinate system of the field source so that assembly toler-
ances do not impair the measurement. Moreover, if the results do not conform to
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the expectations, it is possible to distinguish between deviations due to changes in

the

geometry or in the magnetic material parameters such as permeability and

magnetization.
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INTRODUCTION

Since the 1990s, the construction of structures at the micrometer and nanometer
scales, in silicon and in its homologous materials, has become common. In fact,
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microstructures such as beams, bridges, plates, and so on, which are either fully or par-
tially anchored onto a silicon substrate, provide adequate topologies to sense airflow or
humidity. For example, out-of-plane silicon beams with a length of 200 um, a width of
10 wm, and a thickness of only 1 m deflect under airflow just as natural structures such
as spider hairs (Cupiennus salei, approximately 10 um in diameter at their base and
0.1-1.4 mm in length [1]). On the other hand, in-plane micromachined beams, coated
with hydrophilic materials, are used as humidity- and dew-based sensors. However, a
structure such as a silicon beam is merely a constitutive part of a fully functional min-
iaturized sensor. Additionally, signal processing circuits would be required. Thus,
building a totally embedded smart sensing system incurs the challenge of selecting
materials and methods that are fully compliant for their direct cointegration.

THREE-DIMENSIONAL MICROBEAMS AS AIRFLOW SENSORS

In this section, we introduce a method to fabricate three-dimensional (3D) cantilevers
using both microfabrication techniques and mechanical stress in multilayered thin
films. The cointegration of a mechanical sensing component and the complementary
metal-oxide—semiconductor (CMOS) circuit on the same silicon chip is also presented.
This will be supported by measurements of the components under various stimuli.

THREE-DIMENSIONAL MULTILAYERED CANTILEVERS

Microcantilever-based sensors are silicon beams that are typically less than 1 um
thick. The term “three-dimensional” (3D) is used here to describe a structure pre-
senting a nonflattened geometry, that is, an out-of-plane curvature when the refer-
ence plane is the silicon substrate wafer. Microcantilevers are widely used in atomic
force microscopy, mass sensing, contact sensing, and force measurements. Classically,
with microelectromechanical system (MEMS)-based cantilevers, a change in sur-
face tension or surface stress, due to interfacial interactions between the surface and
the environment or intermolecular interactions on the surface [2], is detected electri-
cally by a piezoresistive gauge or a piezoelectric resonance frequency shift.

For building 3D MEMS, several techniques have been proposed in the literature
such as: projection microstereolithography [3], plastic deformation under magnetic
field [4], reflow of solder hinges [5], and multistack silicon-direct wafer bonding [6].
In the study by Kolesar et al. [7], a probe tip under the released structures is even
incorporated to reach such a shape. Finally, in the studies by Iker et al. [8] and Kao
et al. [9], a novel miniaturization technique, based on appropriate use of built-in
stresses, is used to produce the 3D MEMS components. This, in turn, allows for an
increase in fabrication portability while also reducing cost of production.

Movable 3D cantilevers offer detection as a result of a stimulus changing their
deflection. This change in deflection (due to an airflow, for example) bends the can-
tilevers downward or upward, respectively increasing or decreasing their capaci-
tance. These microcantilevers have therefore an out-of-plane movable part that is
sensitive to airflow impinging on it or to temperature variations. Flow and tempera-
ture sensors, built in such a way, are basically composed of two interdigitated
combs of electrodes, one series of cantilevers that are released and anchored at their
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extremity form the first electrode (3D movable electrode) and the other electrode is
composed of metallic fingers that are attached (unreleased) at the top surface of the
silicon substrate. Ensuring CMOS compatibility by the use of classical materials and
fabrication techniques, these microcantilevers can therefore be cointegrated with an
oscillating circuit, which would be appropriate for signal processing.

FaBRICATION OF COINTEGRATED CMOS 3D SENSORS

Since the fabrication of our MEMS sensors is based on techniques and materials
widely used in the CMOS industry for building digital and analog integrated circuits,
that is, oxidation, silicon doping, or metallization, we can easily extend our process
to the fabrication of cointegrated CMOS-integrated circuits with 3D MEMS.

For the construction of these, a silicon-on-insulator (SOI) wafer is commonly
considered as the starting material to facilitate the cointegration with our CMOS
SOI process, though a classical bulk wafer can also be used. The SOI wafer consists
of a 100-nm-thick monocrystalline silicon thin film on top of a 400-nm-thick buried
oxide lying on a 780-um-thick bulk silicon handling substrate. The fabrication of 3D
capacitive sensors requires the deposition of two layers on top of the silicon film
forming the active layer of the starting SOI wafer, as illustrated in Figure 9.1. A
250-nm-thick layer of silicon nitride is coated using low-pressure chemical vapor
deposited (LPCVD) silicon nitride. Then, a process known as “loading” is imple-
mented which consists of cooling the system to room temperature (20°C) from the
thin-film deposition temperature (i.e., 800°C for silicon nitride). Third, a layer of
900-nm-thick aluminum is then evaporated at 150°C which represents a new loading

1. Aldep. (900 nm) 2. Al SizNg and Si
+ SigNy dep. (250 nm) plasma etch
on SOI substrate

= si
= Sio,
Em Si;N,
N

-

—
=
@

=
=1
1)
=
=]
=

3. Release (SiO, wet etch)

FIGURE 9.1 Process flow for curved three-dimensional beams obtained by use of stacking
a trilayer (silicon/silicon nitride/aluminum—Si/Si;N,/Al) presenting a gradient of stress over
its thickness.
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FIGURE 9.2 Microphotograph gallery of processed three-dimensional sensors: (a) spiral
beams, (b) capacitive plate, (c) thermal actuator (zoom), (d) rectangular bolometer, (e) inter-
digitated capacitive flow sensor, (f) meander inductor, (g) spirals, (h) circular bolometer, and
(i) thermal actuator.

phase. During these two cooling processes, stress builds up in the layers as a result
of the thermal expansion coefficient mismatch between the different materials.

After a single photolithographic step to pattern the structures as desired, the alu-
minum film is first etched by a chlorine-based plasma. Subsequently, a sulfur hexa-
fluoride (SF,) and silicon tetrachloride (SiCl,)-based plasma is used to etch,
respectively, silicon nitride (Si;N,) and silicon (Si), while aluminum is then used as a
masking material. The release of the microstructure must then be performed by
withdrawing the buried silicon dioxide (SiO,) located below the thin silicon layer by
using a mixture of concentrated hydrofluoric acid (HF 73%) and isopropanol 1:1.
After further rinsing in pure isopropanol, the samples are dried in a critical point
dryer machine (Tousimis 915B) in order to avoid adhesion of the beams to the
substrate. Finally, a thermal annealing step is performed where the multilayered
structure is brought to 432°C in a forming gas (95% nitrogen, 5% hydrogen) for
30 min. During this annealing step, changes in the mechanical stress state in the
upper plastic aluminum layer lead to the self-assembling of the microstructures that
is, the fabrication of the 3D MEMS structure itself. This process is presented in
detail in Reference [10]. Micrographs of several out-of-plane microstructures
obtained by this process are shown in Figure 9.2, demonstrating the design flexibility
offered by this process.

DEsIGN oF 3D SENSORS

The trilayer process described in Section “Fabrication of Cointegrated CMOS 3D
Sensors” to fabricate the MEMS component is not restricted to silicon/silicon nitride/
aluminum (Si/Si;N,/Al) stacking and applies to producing out-of-plane beams with
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different layer stacking. Specifically, this can pertain to the interdigitated capacitor
structures (Figure 9.3). Since the CMOS circuits and the 3D MEMS are made with
the same materials, the focus is now to integrate both on the same chip and therefore
to benefit from pre-existing stacked layers of the SOI substrate. The thin silicon layer
can be used as the sacrificial layer and etched with SF, leading to bilayered out-of-
plane beams (i.e., SiO,/Al). The cointegration of the CMOS electronics and 3D
microbeams requires one extra lithographic step in comparison with the complete
CMOS process. The additional photolithography is required to protect the integrated
circuit when processing only the MEMS devices (etching and release). In this case,
half of the fingers are out-of-plane, while the others remain in the substrate plane.
The first half of the structure is therefore able to move under airflow or temperature
stimuli and transduces into a capacitance change (see Sections “Flow Sensors” and
“Thermal Sensors”).

The trilayer process can also be applied to build a 3D Lorentz force-based mag-
netometer integrating piezoresistive transducers at the anchors of the released 3D
beams (see Section ‘“Magnetic Sensors”), or to build thermally actuated structures
that can be of interest to design on-wafer microrobots (see Section “Thermal
Actuators”).

Flow Sensors

The proposed design of flow detectors offers a list of advantages such as CMOS
compatibility (see Figure 9.3 where CMOS inverters with variable interdigitated
capacitors were designed to sense flow), SOI process, simple-to-build 3D micro-
structures, no direct current consumption due to capacitive detection leading to
extremely low power consumption of the order of a few tenths of microwatts (see
Table 9.1), large sensing range, as well as small occupied chip area (1.25 mm? includ-
ing CMOS circuits and MEMS).

For a range of flow velocities from O to 120 m/s, there is a measurable change in
capacitance over a range of 500-550 fF, leading to a 10% change in oscillation
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Frequency variation from f;, (%)
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. Power cons. = 0.6 uW
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0 50 80 95 110 120
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FIGURE 9.3 Three-dimensional flow capacitive anemometer and its associated comple-
mentary metal-oxide—semiconductor ring oscillator in the 1-um fully depleted silicon-on-
insulator process (a); relative oscillation frequency variation for different applied air flow
velocities and two different flow anemometers (b).
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TABLE 9.1
Review of Some Published Flow Sensors Results?
Static Power Flow Range Integrated Circuit
Reference Technology Concentrations (ms™) Compatibility
[11] Silicon substrate Yes 2-18 Yes
[12] Membrane Yes 0.01-200 No
[13] Bridge Yes 04 No
[14] Membrane Yes 0-8 Yes
Our work Surface machining No 0-120 Yes

4 The first three are on bulk micromachining techniques and composed of a microheater and
thermopiles.

frequency (decreasing). Further to this, lower- or higher-speed flow can be sensed by
decreasing or increasing, respectively, the cantilever stiffness as the artificial crickets
hairs, developed in Reference [10].

Magnetic Sensors

The out-of-plane magnetic flux is converted into a mechanical force by Lorentz force
F on the M-shaped Si;N,/Al-bilayered cantilever (Figure 9.4):

F=1-L-B-sin(®) ©.1)

where [ is the half-loop current, L is the top beam length, B is the magnetic field flux
density across this beam, and 6 is the angle between the magnetic field and the cur-
rent flowing into the top beam. A piezoresistive gauge located at the M-shaped can-
tilever anchor converts the bending motion of the beam into a resistance change. The
piezoresistor is incorporated into a Wheatstone structure with three other fixed resis-
tances. As shown in Figure 9.4, the response is linear over a high range of magnetic
field (from 1 to 1000 Gauss) with a small offset at O V. The output voltage signal for

Magnetic field flux density (Gauss)
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FIGURE 9.4 Silicon-Lorentz magnetometer with its integrated Wheatstone bridge. Sensor
response in millivolts for different rectangular currents at 4 kHz.
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FIGURE 9.5 Silicon nitride (Si;N,)—nickel (Ni) microtweezers.

l mA

the Lorentz force-based device for different values of current through the bridge
shows a sensitivity of 0.2 mV per Gauss (see Reference [15] for details).

Thermal Sensors

Under a substantial increase in temperature, the out-of-plane component of these
interdigitated capacitive thermal sensors (bolometers in Figure 9.2) bends downward
because this part is made up of three different layers (Si, Si;N,, and Al, from bottom
to top). Each layer is characterized by its own thermal expansion coefficient (around
2% 1076, 3 x 1075, and 20 x 10-%°C-!, respectively). As aluminum expands 10 times
more than silicon and is 1 um thick, a large bending motion downward occurs,
resulting in temperature detection over a certain range of temperatures.

Thermal Actuators

Under substantial and controlled local heating by Joule effect in a thin conductive
layer, the out-of-plane cantilevers bend downward because of different thermal
expansion coefficients. Building circularly assembled cantilevers (in place of straight
in line), an Si;N,/Ni bilayered microtweezer for the release or capture of microcom-
pounds (cells, proteins, microbes, yeasts, etc.) is shown in Figure 9.5.

TWO-DIMENSIONAL MICROELECTRODES
AS HYDROPHILIC SENSORS

Two-DIMENSIONAL MULTILAYERED MICROSYSTEMS

Taking advantage of miniaturization offered by microelectronic fabrication tech-
niques, a humidity microsensor based on water adsorption of aluminum oxide is devel-
oped as a human breath analyzer. It demonstrates a sensitivity of 7.5 fF/%RH/mm? and
an increase in capacitance by up to two orders of magnitude upon condensation due to
breathing. The fundamental mechanism responsible for the breath detection is the
presence of a chemisorbed layer of hydroxyl ions on which physisorption of water
molecules can easily occur.
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Physisorbed water alters impedance by increasing conductance and capacitance,
respectively, because of ionic conduction (Grotthus chain reaction [16]) and higher
permittivity of water. Thermal oxide between the microelectrodes fingers as well as
aluminum oxide anodized fingers permit high sensitivity to humidity.

Also, in view of further miniaturization, we previously reported the successful
cointegration of the driving and interface electronic circuits with a flow sensor on the
same silicon chip (see Section “Flow Sensors”) and the same approach is currently
successful for the humidity sensor. Furthermore, combining several sensors with
their associated CMOS electronics, such a hybrid circuit platform will act as a
mechanical transducer for airflow and temperature sensing and as a chemical trans-
ducer for water concentration sensing.

FaBrICATION OF COINTEGRATED CMOS HuMIDITY SENSORS

For this microsensor a thin ceramic material (aluminum oxide) is used as a humidity-
sensitive layer (Figure 9.6). Starting from an SOI wafer, a wet thermal oxidation of
the thin silicon film produces a 500-nm-thick insulating layer. A 900-nm-thick
aluminum film is evaporated and patterned to define the contact pads and the inter-
digitated metallic fingers (microelectrodes) with a width of 2 um, a length of 450 wm,
and separated by a spacing of 2 wm. The last fabrication step concerns the formation
of the thin humidity-sensitive layer that covers the interdigitated fingers. This thin
hydrophilic layer is a dense aluminum oxide film with a thickness of 100 nm obtained
by anodizing the top and sidewall surfaces of each of the aluminum interdigitated
fingers [17,18].

ELecTrRICAL CHARACTERIZATION OF HUMIDITY SENSORS

Condensation due to humidity can be viewed as an added layer with a very high
conductivity and permittivity. Depending on the microsensor design, a change of one
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on SOI substrate
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FIGURE 9.6 Process flow for hydrophilic surfaces obtained by means of anodization.
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FIGURE 9.7 Humidity sensor associated with an output buffer in a 1 um fully depleted
silicon-on-insulator process.

or even two orders of magnitude can be reached between the simulated capacitance
under dry air condition and under full immersion, that is, a several micrometer-thick
water layer covering the whole area of the microelectrodes.

In dry air, the equivalent capacitance of the microsensor approximates the air
capacitance. When relative humidity increases, the capacitance of the microsensor
slightly increases at the rate of 7.5 fF/%RH/mm?, leading to a 2% variation of the
oscillation frequency between 45% and 85%RH (Figure 9.7).

However, when water molecules condense at the sensor surface, the equivalent
resistance of the medium above the interdigitated electrodes drastically decreases
whereas the capacitance largely increases. The aluminum oxide capacitance, hun-
dreds of time higher than air capacitance, is more and more observed. The design of
the electrode spacing and aluminum oxide thickness dimensions as well as relative
permittivities of the fluids and materials give rise to a capacitance variation of two
orders of magnitude [18].

Table 9.2 shows a comparison between the performance of humidity sensors
reported in the literature. We focus especially on capacitive sensing improved by
hydrophilic materials (sensitive to water vapor and other polar organic molecules)
based on absorption and diffusion such as polyimide, and adsorption and capillary
condensation such as aluminum oxide. In this table, the absorption time is defined as
the time taken by the transient curve for a change of the capacitance from 10% to 90%
of its maximum as the desorption time is defined as the time for a change of the capaci-
tance from 90% to 10% of its maximum. On the one hand, most humidity sensors
based on aluminum oxide use the porosity obtained by acid anodization to take advan-
tage of capillary condensation inside pores [22]. However, such porosity contributes to
a drift in capacitance characteristics [26] and leads to slow response times (2 s at least)
[24]. On the other hand, high moisture absorption of polyimide leads to very high sen-
sitivity; nevertheless, important drifts are observed beyond 70%RH [19].

High-speed responses are mainly limited by humidity diffusion into the sensing
area and evaporation. By thinning and heating polyimide, the time response improves
at the expense of sensitivity and power consumption. In Table 9.2, the sensitivity of our
sensor demonstrates small but measurable values with regard to comparable capacitive
sensors. One must nevertheless consider the simplicity of the process requiring no
heater in contrast to References [19-21] and one-step anodization with no sulfuric acid
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TABLE 9.2
Comparison of Sensitivity for Some Humidity Sensors Presented in the
Literature?

Absorption/

Reference Best Sensitivity Sensitive Layer Desorption Comments

[19] 6.8 pF/%RH/mm? Polyimide — —

[20] 23 fF/%RH/mm? Polyimide 1 s/unknown 30%-90%RH

[21] 120 fF/%RH/mm? Polyimide 200 ms/11 s Human breath

[22] 0.4 pF/%RH/mm? Porous aluminum 5s/5s 40%-100%RH
oxide

[23] =140 fF/%RH/mm?> Porous aluminum 25s/30s 2-45%RH
oxide

[24] 2.2 uUA/%RH/mm? Porous aluminum 2s/10s 0-100%RH
oxide

[25] 8.8 pF/%RH/mm? Porous aluminum —
oxide

Our work 7.5 fF/%RH/mm? Dense aluminum 250 ms/3 s Human breath
oxide

Notes: RH, relative humidity.
2 All based on capacitive transduction excepted drain current of a transistor for Reference [24].

in contrast to References [23-25]. Furthermore, our dense aluminum oxide layer also
adequately protects the electrodes (here, made of low-cost CMOS-compatible alumi-
num) from chemical aggressions, and desorption time as small as 300 ms is measured
for sensors drying forced by human inspiration (see application in Section “Application
for Respiratory Rate Detection”). The microsensor desorption time is indeed greatly
improved when a forced evaporation occurs due to the patient’s inspiration.

APPLICATION FOR RESPIRATORY RATE DETECTION

Condensation sensing is shown to be very sensitive and finely correlated with the
breathing cycle. However, a dedicated packaging (i.e., the protection and the connec-
tion of the sensor chip) has been set in order to avoid saturation of the capacitive
sensor by large condensation (Figure 9.8). The interdigitated microelectrode has
been fabricated on a silicon substrate by the same techniques as described in Figure
9.6. The difference lies in the capacitance-to-frequency converter, which is assured
by a Schmitt trigger and a resistance (surface-mounted devices) onto the surface of a
printed circuit board.

CONCLUSION

Planar and 3D SOI sensors were built and characterized under various stimuli such as
airflow, temperature, magnetic field, and humidity, illustrating both the high flexibil-
ity of the surface micromachining and the 3D stressed-cantilever concept. Such
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FIGURE 9.8 Human breath monitoring with embedded humidity sensor copy of oxygen
supply canula with upward openings (module size: 30 X 8 X 8 mm?).

microintegrated sensors can easily be built incorporating their associated electronics
on the same chip. Using simple fabrication techniques, the presented technology can
then be seen as a technology for the fabrication of highly integrated low-power MEMS
sensors, built with cointegrated metal-oxide—semiconductor-integrated circuits.

ACKNOWLEDGMENTS

This research is supported by the project CAVIMA of the Walloon region of Belgium
and by the project MINATIS cofunded by the European program FEDER and the
Walloon region. The authors would like to thank P. Simon for the RF measurements
of the microsensors, C. Emmerechts for his skills with rapid prototyping, and Pat
Chambers for his kind advice about redaction.

REFERENCES

1. Barth, F. G. 2004. Spider mechanoreceptors. Current Opinion in Neurobiology 14,
415-422.

2. Wee, K. W., Kang, G.Y., Park, J., Kang, J. Y., Yoon, D. S., Park, J. H., and Kim, T. S.
2005. Novel electrical detection of label-free disease marker proteins using
piezoresistive self-sensing micro-cantilevers. Biosensors and Bioelectronics 20,
1932-1938.

www.EngineeringBooksPdf.com



254

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Optical, Acoustic, Magnetic, and Mechanical Sensor Technologies

. Sun. C., Fang, N., Wu, D. M., and Zhang, X. 2005. Projection micro-stereolithography

using digital micromirror dynamic mask. Sensors and Actuators A: Physical 121,
113-120.

. Wilson, S., Jourdain, R., Zhang, Q., Dorey, R., Bowen, C., Willander, M., Wahab, Q.

et al. 2007. New materials for micro-scale sensors and actuators: An engineering review.
Materials Science and Engineering 56, 1-129.

. Dahlmann, G. W., Yeatman, E. M., Young, P., Robertson, I. D., and Lucszyn, S. 2002.

Fabrication: RF characteristics and mechanical stability of self-assembled 3D micro-
wave inductors. Sensors and Actuators A: Physical 97-98, 215-220.

. Miki, N., Zhang, X., Khanna, R., Ayon, A., Ward, D., and Spearing, S. M. 2003. Multi-

stack silicon-direct wafer bonding for 3D-MEMS manufacturing. Sensors and Actuators
A: Physical 103, 94-201.

. Kolesar, E. S., Ruff, M. D., Odom, W. E., Howard, J. T., Ko, S. Y., Allen, B. A., Wilken,

J. M., Wilks, R. J., Bosch, J. E., and Boydston, N. C. 2001. Three-dimensional structures
assembled from polysilicon surface micro machined components containing continuous
hinges and microrivets. Thin Solid Films 398-399, 566-571.

. Iker, F., Andre, N., Pardoen, T., and Raskin, J.-P. 2006. Three-dimensional self-

assembled sensors in thin-film SOI technology. Journal of Microelectrochemical
Systems 15, 1687-1697.

. Kao, I., Kumar, A., and Binder, J. 2007. Smart MEMS flow sensor: Theoretical analysis

and experimental characterization. IEEE Sensors Journal 10, 713-722.

Dagamseh, A. M. K., Lammerink, T. S. J., Kolster, M. L., Bruinink, C. M., Wiegerink,
R. J., and Krijnen, G. J. M. 2010. Dipole-source localization using biomimetic flow-
sensor arrays positioned as lateral line system. Sensors and Actuators A: Physical 162,
355-360.

Makinwa, K. A. A. and Huijsing, J. H. 2002. A smart wind sensor using thermal sigma-
delta modulation techniques Sensors and Actuators A: Physical 97-98, 15-20.

Kohl, E, Fashing, R., Keplinger, F., Chabicovsky, R., Jachimowicz, A., and Urban, G.
2003. Development of miniaturized semiconductor flow sensors. Measurement 33,
109-119.

Fiirjes, P., Legradi, G., Ducso, Cs., Aszodi, A., and Barsony, I. 2004. Thermal characteri-
sation of a direction dependent flow sensor. Sensors and Actuators A: Physical 115,
417-423.

Laconte, J., Raskin, J.-P., and Flandre, D. 2006. Micromachined Thin-Film Sensors for
SOI-CMOS Co-integration. Dordrecht, The Netherlands: Springer Science, p. 186.
Sobieski, S., Andre, N., Raskin, J.-P., and Francis, L. A. 2009. Temperature effect on
Lorentz based magnetometer. Sensor Letters 7, 1-4.

Igreja, R. and Dias, C. J. 2004. Analytical evaluation of the interdigitated electrodes
capacitance for a multi-layered structure. Sensors and Actuators A: Physical 112,
291-301.

Moreno-Hagelsieb, L., Lobert, P. E., Pampin, R., Bourgeois, D., Remacle, J., Flandre,
D. 2004. Sensitive DNA electrical detection based on interdigitated Al/Al,O; microelec-
trodes. Sensors and Actuators B: Chemical 98, 269-274.

André, N., Druart, S., Gerard, P, Pampin, R., Moreno-Haglesieb, L., Kezai, T., Francis,
L. A., Flandre, D., and Raskin, J.-P. 2010. Miniaturized wireless sensing system for real-
time breath activity recording. IEEE Sensors Journal 10, 178-184.

Dokmeci, M. and Najafi, K. 2001. A high-sensitivity polyimide humidity sensor for
monitoring hermetic micropackages Journal of Microelectrochemical Systems 10,
197-204.

Kang, U. and Wise, K. D. 2000. A high-speed capacitive humidity sensor with on-chip
thermal reset. IEEE Transactions on Electron Devices 47, 702-709.

EngineeringBooksPdf.com




Artificial Microsystems for Sensing Airflow, Temperature, and Humidity 255

21

22.

23.

24.

25.

26.

. Laville, C. and Pellet, C. 2002. Interdigitated humidity sensors for a portable clinical
microsystem. IEEE Transactions on Biomedical Engineering 49, 1162—-1167.

Chen, Z. and Chin, M. C. 1992. An alpha-alumina moisture sensor for relative and abso-
lute humidity measurement. IEEE Industry Application Society Conference 2,
1668-1675.

Varghese, O. K. and Grimes, A. G. 2003. Metal oxide nanoarchitectures for environmen-
tal sensing. Journal of Nanoscience and Nanotechnology 3, 277-293.

Chakraborty, S., Hara, K., and Lai, P. T. 1999. New microhumidity field-effect transistor
sensor in ppm, level. Review of Scientific Instruments 70, 1565-1567.

Juhasz, L., Vass-Vamai, A., Timar-Horvath, V., Desmulliez, M. P. Y and Dhariwal, R. S.
2008. Porous alumina based capacitive MEMS RH sensor. I[EEE Design, Test, Integration
& Packaging Conference (Nice, France), pp. 381-385.

Dickey. E. C., Varghese, O. K., Ong, K. G., Gong, D., Paulose, M., and Grimes, C. A.
2002. Room temperature ammonia and humidity sensing using highly ordered nanopo-
rous alumina films. Sensors 2, 91-110.

www.EngineeringBooksPdf.com



www.EngineeringBooksPdf.com



’IO Microelectromechanical
System-Based Micro
Hot-Plate Devices

Jiirgen Hildenbrand, Andreas Greiner,
and Jan G. Korvink

CONTENTS
STALE OF the AT ..eoueiiieieiiee ettt sttt 258
Design Process for Micro HOt-Plates..........cccoccvireneniniinieniiniiiiiciceececeee 259
Thermal Energy Transfer in Micro Hot-Plates............cccooceeviniiniiiincniccne 260
Thermal ConduCHON. ......ccueiiiiiriieieriieeet ettt 260
COMVECTION. .. enetienieetiete ettt ettt ettt et st e et st e e sbe e be st enbe e st et e eseesbeeneenseenes 261
Thermal Radiation.......c..cooueiuiiiiriirieiiieieciee e 262
HOt-PLate D@SIZN ...eeeuiiiiiiieiieiieeieee sttt 264
Heater and Temperature Sensor Layout.........cccccoeeverienenienenieniceeceeeee 265
Material ConSIAETAtIONS ........cecuerueeueriieientieieetiete ettt st et eeesaens 265
Heater and Temperature Sensor Design ........cocevereererienenieneeieneeeeene 266
FEM Analysis of Micro Hot-Plates...........cccoeieririeniiiiniienceeeeeseeee 267
FabIICALION ...ttt sttt 270
Characterization of Micro Hot-Plates ..........ccccoooeeriiiiniiieiiiieeeceeeee 272
Static Electric INVEeStiGations ...........cooueiueeierieieniieieeiieieeicee e 272
Transient INVEStIZAtIONS. ......ceueiuiriiriieieitieieetieie ettt siens 273
Further Recommended INVestigations..........ceeevueeieruirienieienieeie e 274
Micro Hot-Plates for Metal-Oxide-Based Gas Sensors.........ccccoooeevereerieneeniennnane 274
Micro Hot-Plates for Thermal EMItters .........cccecveviirienieiinieeenieieseeiesceieeiane 276
ACKNOWIEAZMENES....c..eiiiiieiiiiieieeteteet ettt sttt st saeens 278
RETEICIICES ...ttt et et 278

Microelectromechanical system (MEMS)-based devices with a thermally decoupled
region are in wide use. Radiation detectors based on a temperature change due to
absorbed light are a typical example for a device showing a low temperature change.
For these kinds of micro hot-plates the focus is restricted to the thermal decoupling
and/or the reduction of the heated thermal mass.

Devices with an integrated heater element—micro hot-plates—form another fam-
ily of these MEMS devices. Typically, the required temperatures are of the order of
several hundreds of degree Celsius. The need for the micro hot-plate approach for
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sensor or actuator integration can have different motivations. Low power consump-
tion and fast transient operation are the crucial reasons in most applications, but
direct—monolithic or hybrid—integration with additional electronic components, or
the advantage of minimization and reduction of fabrication costs, can influence the
decision for micro hot-plates.

Besides the thermal decoupling of the hot-plate region, the mechanical stability
of the devices themselves as well as the stability of the functional structure com-
monly deposited onto the hot-plate platform are the challenging aspects of develop-
ment and fabrication. Two important micro hot-plate devices, which strongly
influenced the development in this field, are metal-oxide gas sensors and thermal
emitter infrared gas spectrometers. The micro hot-plate variants of these types are
quite similar, but the infrared emitter has a typical operation temperature range of
600-800°C, and more would be better, where for metal-oxide-based gas sensors,
temperatures of less than 400°C are sufficient for most applications.

STATE OF THE ART

Since the late 1980s, micro hot-plates have been investigated as substrates for metal-
oxide gas sensors. These devices are typically operated at 350-400°C. In the begin-
ning, closed membranes were realized. Sometimes a heat spreader was integrated
beneath the functional materials and structures [1-8]. Later, suspended membranes®
were fabricated [8—14].

Considering thermal emitters, the developing course seems similar. Up to now,
there are some micro hot-plate thermal emitters commercially available. These are
based on a closed-membrane design. However, a suspended-membrane micro hot-
plate for use as a thermal emitter in miniaturized gas sensor systems was reported in
Reference [15]. Typically, the suspended-membrane micro hot-plates are based on a
silicon-on-insulator (SOI) substrate.

Scitec Instruments Ltd offers thermal emitters for fast modulation. These emitters
can be considered as a lateral thin-film filament emitter. The infrared-50 [16] ther-
mal emitter is based on a very low thermal mass diamond-like carbon thin-film ele-
ment. The filament suspension looks like a closed-membrane micro hot-plate. Details
about the fabrication itself and the use of MEMS technologies are not known.
Closed-membrane-based micro hot-plate emitters are provided by Intex and Axetris.
The key component of the Intex emitter MIRL17-900 is a 2 um thin amorphous
carbon nanocomposite which forms a closed membrane together with the SiO, and
Si;N, layers. The low thermal mass allows a good modulation behavior [17]. The
Axetris emitter infrared source—also a closed-membrane type—achieves black-
body-like emission characteristics with a black platinum layer. The maximum tem-
perature is restricted to 450°C [18,19]. This emitter is well suited for implementation
in a spectroscopic system in the spectral range from 4 to 6 um. Due to the low opera-
tion temperature, the optical power is often not sufficient at wavelengths greater than
6 um. A higher thermal emission in the fingerprint region is desired. Besides these
commercially available emitters, several research groups are working on this topic.

“ Membranes structured in the area between the active region and the rim.
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FIGURE 10.1 Two different concepts for micro hot-plates. (a) The closed membrane con-
cept typically uses a dielectric suspension layer for the hot-plate suspension. (b) The suspen-
sion bar concept is an improvement of the closed membrane concept. The suspension bars are
typically made of silicon.

Here, it seems that the trend goes toward structured membranes, so that only some
suspension bars connect the hot-plate with the frame. Figure 10.1 shows the main
difference between the closed-membrane concept and the suspension-bar concept.

Spannhake et al. [20,21] presented interesting investigations on new high-
temperature realizations of micro hot-plates. Approaches of a direct heating of the
SOI hot-plate using the thin silicon layer itself as a heater as well as the deposition of
an antimony-doped tin-oxide heater element onto the micro hot-plate were investi-
gated. Temperatures up to 1000°C were achieved. This approach is a possibility for
increasing the operating temperatures of such emitters. Probably, the reproducibility
of the electrical resistance and its sensitivity to ambient oxygen concentration and
temperature coefficients are two disadvantages in contrast to platinum heaters.
Further, the electrical resistance of tin oxide is also sensitive to oxygen coverage at its
surface like a metal-oxide gas sensor.

DESIGN PROCESS FOR MICRO HOT-PLATES

The design process for micro hot-plates can be divided into a coarse and a fine
design. In the coarse design, the relations between the required hot-plate tempera-
ture, the hot-plate size, and the thermal resistance between the hot-plate and the
frame and the thermal resistance for a membrane or suspension bar are determined.
This can be done using a simple lumped element model, which represents at least the
thermal resistances between the hot-plate and the frame and the hot-plate and the
ambient by a rough estimation of conduction, convection, and radiation. If the ther-
mal decoupling between the hot-plate and the frame is quite low, the thermal resis-
tance between the hot-plate frame and the mounting device or element, which
probably has a constant temperature, should be taken into account. For a rough esti-
mation of the time transient operation characteristics, the thermal masses of the parts
of the lumped element model can be added to the model.
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The fine design process deals with the optimization of the distribution of the tem-
perature field. For this purpose, simulation software based on the finite element
method (FEM) is ideal to analyze the problem. In most cases, a homogeneous tem-
perature distribution on the hot-plate is required, the current density in the heater
does not have to overcome a critical value (e.g., to avoid electromigration), and the
stress caused by thermal expansion of the micro hot-plate and the deposited struc-
tures has to be kept low too.

In the following section some basic information and design techniques for the
development of micro hot-plates are introduced.

THERMAL ENERGY TRANSFER IN MICRO HOT-PLATES

The design of the heater element, the mounting in the housing, or, in the case of
micro hot-plate devices, the substrate design itself have to be developed considering
the heat transfer from the heated region to the ambient region.

Heat transfer is the transition of thermal energy. It is a compensation process from
an item with temperature 7> 0 K to one or more cooler items. The heat transfer is
based on three processes: thermal conduction, convection, and thermal radiation.
The time derivative of the total heat quantity Q,,,—also the total power consumption—
is given by the sum of the time derivatives of the corresponding heat quantities Q

Qconv? and Qrad:

cond?

Qlot = Qcond + Qconv + Qrad‘

The consideration of the overall power consumption is necessary for the dimen-
sioning of the heater. In general, the aim is to reduce the thermal conduction between
the heated region and the environment in order to reduce the power consumption of
the devices. For pulsed emitters it can be advantageous to increase the thermal cou-
pling in order to improve their time constants in the cooling process compared with
a design, which is tuned for minimal power consumption.

Thermal Conduction

Thermal conduction is the transport of thermal energy in matter by electron diffu-
sion or phonon vibrations. The basic equation for heat flux ¢,,., which describes the
static heat energy flow for a given specific thermal conductivity ¥ and the tempera-
ture profile 7, is defined by Fourier’s law:

Qheal =K grad T

For transient analysis, the specific thermal capacity has to be introduced. This
leads to the heat conduction equation

Qgen =C Py T - diV(K . grad T)

where p,, is the mass density and g,., is the heat generation rate per unit volume.
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For good thermal decoupling of the heated region it is necessary to use items with
low thermal conductivity. The thermal conductivity is determined by a combination
of the specific thermal conductivity and its geometry. In most cases the main heat
sink is given by the socket. Good thermal decoupling is reached using suspended
approaches for the heated regions. In that case, the suspension elements require a
high mechanical stability. Higher specific thermal conductivities are tolerable if the
mechanical properties allow smaller cross sections.

If the optimization of the transient characteristics of such suspended devices is
required, the minimization of the thermal mass of the heated region is the main
strategy. Additionally, it is possible to improve the time constants—given by the
product of the thermal resistance and the thermal mass—using numerical optimiza-
tion algorithms for a defined operation point (e.g., modulation frequency and tem-
perature hub).

Convection

In the case of convection, the heat energy is transported by particle flow. This implies
that convection only occurs in fluids or gases. There are two kinds of convection:
natural convection and forced convection. Natural convection means that the reason
for particle flow is a temperature gradient only. Forced convection implies another
source of particle flow, for example, a ventilator.

The natural convection is the dominant convection type in thermal emitters,
because the emitters are typically mounted in housings and protected from the ambi-
ent flow field. Thermal flow resulting from natural convection can be estimated by
the heat-transfer coefficient o.,,,, and a temperature difference between two different
materials. 7 is the temperature of material 1 and 7, is the temperature of material 2.

Geonv = Xirans (TZ - Ti)

For an estimation, 0., can be considered as a constant (i.e., ¢,
The forced convection is given by

= max(atrans(T)))'

trans

Geonv = Olirans (TZ - Tl) Y qn

where ¢, is the mass flow rate of the forcing medium. The heat transfer coefficient
results from a linearization of the convection at a specific operation point (tempera-
ture, temperature difference, mass flow rate, etc.) and is only valid in a limited region
around this operation point.

The thermal energy loss caused by convection can be minimized using a sealed
housing (e.g., sealed with a BaF, window at the top for thermal emitters). Then, the
free convection process is limited to the housing inside. The heat flow from the inner
surface to the outer surface of the housing is a heat conduction process.

A minimization of the convection by reducing the lateral surface area is counter-
productive, because the desired high thermal radiation decreases with this surface
area too. The influence of the sidewalls is insignificant due to the relatively small
surface areas.
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Thermal Radiation

The thermal radiation of any matter can be referred to as black-body radiation, which
defines the maximum possible thermal radiation emitted by matter depending on its
temperature. According to its name, the black body is an object which absorbs any
photon over the complete spectral region (or in the region where it is defined as a
black body). A practical example of a black body is a small pinhole in a box with
highly absorbent inner surfaces. The probability of an incoming photon of hitting the
pinhole again after many reflections is very low. On the other hand, a black body
with a uniform temperature 7>0 K emits electromagnetic radiation according
Planck’s distribution:

8mhc 1
Uy, (A, T) = e m

The spectral energy density u of an arbitrary thermal emitter corresponds to the
thermal emission of a black body the spectral emissivity factor X to read

u=¢eAT) uy

The spectral emissivity of a black body is defined as X = 1 over the complete spec-
trum. Emitters having the same relative spectral distribution but a lower energy den-
sity (X< 1 and constant) are named gray emitters. For a worst-case estimation, the
heat flow of a micro hot-plate device can be estimated using an emissivity of 1.

Kirchhoff’s law states that the absorptance o of a body is equal to its emission
ratio X. This implies that there is a steady energy transfer with the ambient objects at
a temperature 7 > 0 K. Typically, micro hot-plates are operated in an environment
that is around room temperature. In that case, it is sufficient to consider the energy
transfer only from the micro hot-plate to the ambient region and not vice versa. In
special cases, like vacuum packaging sealed with caps, which can reach a tempera-
ture higher than the ambient temperature, this may be taken into account.

In most cases, a rough estimation of the energy transfer caused by radiation is
sufficient and mostly detailed information of the spectral emissivity at different tem-
perature is not available. In this case, the energy transfer can be estimated with the
Stefan—Boltzmann law, to read

_ 4
Grad _E'GSB’T

where Oy is the Stefan—Boltzmann constant. The Stefan—-Boltzmann constant is
defined by

2ok
= =5.670400x1078
sB c’h sm*K*

The thermal resistor R, and the thermal mass C,, required for making lumped
models for rough estimations in the beginning of new micro hot-plate types are used
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equivalent to its electrical counterparts [10]. The temperature equals the voltage and
the heat flux equals the electrical current.

For a rough estimation, it is sufficient to consider only the main heat flow path as
a one-dimensional problem. Like every numerical solution method, it is necessary to
discretize the model. This means that the geometric representation of the sensor has
to be divided into i cuboids along the heat flow path. The transformation of heat
conduction equation leads to

.1
Coi T= AT =h

thi

where £ is the heat generation rate, R, ; is the thermal resistance of the i-th cuboid,
and C,,, is the thermal mass of the i-th cuboid.

A thermal quadripole shown in Figure 10.2a is one possibility for the representa-
tion of the cuboid. For example, a suited representation for a suspended-type hot-
plate is a serial connection of one quadripole for the hot-plate, one for the suspension
bars, one for the frame, and one for the bottom side of the device to the ambient
region (Figure 10.2b). The resistor R,; = R,,;, + R, ;» depends on the area A; of the
cuboid cross section, the length /; ., and the specific resistivity p, - Ry, ;, and C,;, can
be calculated by
1

Rthix=§'f’pi

andCy; =cy, -m;.

i

For a more complex model, the thermal losses caused by radiation and convection
can be also added in the form of and further resistance to the ambient region. For a
fixed working point, a linearization of this thermal resistance could be used.

Rip i1 Rinio

FIGURE 10.2 (a) Quadripole network consisting of two thermal resistors and a thermal
capacity. The arrangement of the symmetrically placed resistors around the capacity results
in mean temperature applied to the thermal mass. (b) Micro hot-plate structure and the cor-
responding thermal circuit for quarter of the device. For devices with extreme high thermal
decoupling, the estimation of the convection and radiation also has to be considered.
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Considering the transient characteristic, this would be a best-case estimation in the
cooling process, because the energy transfer is considered for its maximum value.

Besides the possibility of a fast estimation of the power consumption and the
transient characteristic the lumped model, it is easy to understand which part of the
hot-plate has to be changed in order to achieve the requirements or to make a best-
case study with minimum effort.

Hort-PLATE DESIGN

The geometrical size and shape of the hot-plate are determined by the individual
application. The heating and cooling times are closed coupled with the thermal mass
of the hot-plate and thus with the hot-plate area. The hot-plate suspension is the ther-
mal decoupling element of the active area. Its thermal resistor influences the power
consumption and also the heating and cooling times.

Dielectric membranes based on SiN;, SiO,, or a composite of these are widely
used as a basis for the closed-membrane micro hot-plates. Suspension bars are typi-
cally fabricated in silicon, often in combination with a dielectric layer that separates
the hot-plate silicon from the bulk silicon and acts also as etch barrier during
fabrication.

The material properties are fixed values, but the static and transient characteris-
tics of the hot-plate device can be adjusted with its geometrical design. For low
power consumption in a static mode a high thermal decoupling is required, but the
thermal mass is irrelevant. For fast transient operation, the thermal mass has to be
reduced to a minimum, but thermal decoupling by the suspension bars also influ-
ences transient characteristics. For a fast heating process, a high thermal isolation
of the hot-plate is the ideal configuration, but this will result in a slow cool-down
characteristic. If the thermal resistance is too low, the complete device—especially
at the mounting points of the suspension bars—will experience an increase in tem-
perature during the heating process and the thermal capacity of the device will also
influence the transient characteristic in the hot-plate area. Therefore, it is not pos-
sible to make a general design strategy for the thermal resistor of a suspension bar,
because the transient characteristic also depends on the thermal capacity of the hot-
plate and the amount and division of its heat loss (conduction, convection,
radiation).

In order to ensure mechanical stability during fabrication and later in the opera-
tion, designers also have to look at the mechanical characteristic in the thermal opti-
mization step. Considering a micro hot-plate platform with several hundred
micrometer edge length, typical geometry data are:

e Membrane thickness of around 1 pum for closed-membrane types.
¢ Thickness of several micrometers, width of several tens of micrometers,
and a length of some hundreds of micrometers for suspension bars.

A possible mechanical fatigue mechanism during operation of the thermal emit-
ter could be caused by buckling. Buckling can occur due to the thermal expansion of
the hot-plate and the suspension bars, which are fixed at the more stable silicon
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frame. The suspension bars and the hot-plate are under compression in this state.
Depending on the geometrical design, buckling can occur at a defined temperature
difference between the hot-plate and the silicon frame. Additionally, the combina-
tion of different thermally mismatching materials causes thermomechanical stress.
Considering long-term stability, thermomechanical fatigue of the silicon suspension
bars can occur, caused by pulsed operation. A further experimentally observed
defect mechanism, which is also related to the bending of the microstructure, is the
mechanical rupture of the platinum heater. The heater is placed outside the neutral
axis of the bending part of the emitter. Bending or buckling of the structure yields a
high stress in the interface of two materials. This could cause a lift-off of the plati-
num structure from the silicon or a crack or void formation, superposed with electro-
migration effects. A minimization of the bending of the suspended microstructure
will result in a decrease of these effects.

A strain deformation of the suspension bars and the hot-plate is not possible for
standard designs (Figure 10.1). In case of a membrane-type micro hot-plate, there is
really no room for improvement. May be a deposition with a negative prestress could
shift the critical temperature for buckling a little bit. In case of the suspension-bar
micro hot-plates, designers have more freedom to shift the critical temperature for
buckling. Two main concepts, which can be adjusted by tuning the shape of the sus-
pension beams, are important:

1. The suspension beams can be shaped like a meander forming a spring.
If the hot-plate area expands during the heating process, the spring sus-
pension beams can be compressed without much force.

2. The suspension bars can be connected to the hot-plate area in such way
that a thermal expansion will result in a rotational movement of the hot-
plate [22].

Figure 10.3 shows two example layouts for the suspension-beam concept, which
introduce a rotational movement of the hot-plate, caused by the thermal expansion of
the hot-plate and the suspension bars. Figure 10.3b shows a variant with an addi-
tional 90° arc, which also acts as a spring structure. This variant allows larger tem-
perature differences between the hot-plate and the frame until buckling occurs. The
black structures sketched in Figure 10.3 are the ohmic heater, which goes on the
suspension bars to the hot-plate area and back and a meander-shaped temperature
sensor on the frame. The hot-plate temperature can be estimated by measuring the
electrical resistance of the ohmic heater or by an additional temperature sensor on
the hot-plate. The rim temperature is used to evaluate the thermal decoupling of the
device.

HEATER AND TEMPERATURE SENSOR LAYouT

Material Considerations
The choice of materials for the heater and temperature sensor structures depends
mainly on the compatibility with the temperature range, the bulk material used, and
the fabrication processes.
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FIGURE 10.3 Two variants for suspension bars, which introduce a rotational movement
during the thermal expansion of the hot-plate and its suspension. The variant (b) has an addi-
tional arc in the suspension beams. This will also contribute a spring characteristic to the
suspension beams. An improved mechanical stress characteristic during operation is the
result.

@

For operation temperatures up to 600°C sputtered thin-film platinum is well
suited for this purpose. It is possible to deposit thin-film platinum using a tantalum
adhesion layer on silicon. The main advantage of platinum over silicon or metal
oxides with high-temperature stability is the precise temperature characteristics.
Platinum temperature sensors are standard devices for temperature monitoring. Also
for the heater a precise and reproducible thin-film material is advantageous even if
the accuracy is not as important as for the temperature sensor.

Polysilicon is also used sometimes as heater material. The main advantage here is
the availability and experience of the process in almost any clean room and the com-
plete compatibility with complementary metal—oxide—semiconductors. Unfortunately,
the thermal conductivity of polysilicon is strongly nonlinear and the electrical con-
ductivity at room temperature is low. The use of doped polysilicon improves these, but
it could also give rise to new problems, for example, for long-term operation at a
higher temperature.

For the realization of high-temperature heater structures operating at 1000°C or
even more, semiconducting metal oxides could be an alternative to thin-film
platinum.

Heater and Temperature Sensor Design

For the development of a heater design, it is necessary to calculate the heater electri-
cal resistance R,. Under the assumption that the electrical power P, will be com-
pletely transformed into the heating power P, the following equation can be used:

2
Uel

k R

€

1 =Pheat =Uel'Iel =

el

where [, is the electrical current. Hereby, electrical resistivity is a function of
temperature itself:

Rel(T)zRo'(1+(lT+BT2+...)
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where R, is the resistance at temperature 7, and o and [ are temperature
coefficients.

The resistance of a one-dimensional conductor is defined by length /, width w,
height h, and electrical specific resistance p,, as

[
Rel(T) = Pe ﬂ

In addition to the total resistance, which determines the heating power, the lateral
heater structure itself is important with regard to temperature distribution and local
current density. A uniform temperature distribution can be achieved with a meander
structure. Here, the size of the radii must be sufficiently high in order to ensure that
the electrical current density does not increase too much at the inside of the curves.
If the temperature difference in the heated region has to be kept nearly constant—
that means in the magnitude of some degrees Celsius—the meander structure should
be optimized with regard to the position-dependent heat generation. In the case of
the thermal emitter, this optimization process is not required.

FEM ANALYsis oF Micro HoT-PLATES

The two mostly required simulation types in the micro hot-plate design process are
electrothermal and thermal expansion. In principle, all this could be done with one
geometrical model, but in order to reduce the simulation effort for a buckling analy-
sis, it is sufficient to use a reduced model for this, which only contains the suspension
beams and the hot-plate. In most cases, the microstructured hot-plate and suspension
region can be geometrically modeled with two-dimensional elements, because there
are no big temperature differences between the top and the bottom side of the
hot-plate.

In the following discussion, the approach for electrothermal FEM analysis of
micro hot-plate devices is exemplarily shown for some devices with an edge length
of 3 mm, a hot-plate size of 500 um, and a distance of 450 wm.

The simulations are performed for the suspension designs shown in Figures 10.3b
and 10.4. The considered devices are based on an SOI waver, which consist of 400 um
bulk silicon, 1 um SiO, and further 15 wm silicon. There are deposits of 400 nm Si;N,
at the top and the bottom of the waver. The heater structure consists of 200 nm
platinum and a 20-nm-thick adhesion layer.

In order to keep the simulation effort at an acceptable complexity the microma-
chined part of the emitter is considered as one silicon object. This object is com-
pletely modeled in three dimensions and consists of the 400-pum-thick bulk and the
15-um-thin silicon plate. The platinum heater with the tantalum adhesion layer is
embedded as a two-dimensional structure on the surface of the silicon plate. The
CAD files of the photolithographic masks can be used for the model generation,
sometimes requiring a manual finishing of the geometry—especially at the curves.

The dielectric thin films at the top and the bottom as well as the one between
the silicon substrate and the silicon plate—which are necessary for the emitter
fabrication—are not considered in the model. The device is mounted using a
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FIGURE 10.4 Two variants for standard suspension bar design. (a) Standard design, which
has the same distance between micro hot-plate and frame, the variant shown in Figure 10.3.
(b) Standard design, which has a strong reduced distance between micro hot-plate and frame,
in order to have an example for a bad thermal decoupling.

ceramic adhesive. The adhesive is modeled as a 50-pum-thick volume beneath the
silicon substrate. The thermal conductivity of air is implemented in the space
between the hot-plate and the adhesive. The thermal radiation is also considered at
the surfaces of the emitter. An emissivity of 1 (black body) is used as a worst-case
estimation with regard to power consumption. Additionally, a heat transfer coeffi-
cient for the linear approximation of the free convection is implemented at the
outer surfaces of the emitter. Room temperature is defined at the bottom of the
ceramic adhesive and the heater voltage is varied. Literature values are used for
the temperature-dependent thermal conductivity of silicon and platinum. In case
of the tantalum/platinum sandwich structure, the electrical conductivity of test
structures were measured at different temperatures and implemented in the model.
Figure 10.5a shows exemplarily the temperature distribution of a hot-plate with
standard suspension operated at a voltage of 10 V. A significant temperature
decrease occurs at the silicon suspension bars and the intermediate air. The silicon
rim is almost at room temperature.

The hot-plate temperature as a function of the heater resistance is shown in
Figure 10.5b. This dependence is used to determine the temperature of the micro
hot-plates. Even if there is a considerable difference in power consumption and hot-
plate temperature between simulation and measurements, temperature distribution
over the platinum structure for a defined hot-plate temperature and thus the electrical
resistance of the heater will be nearly independent of this difference.

All simulated temperature—heater resistance curves show nonlinear characteris-
tics. The reason for this property is that the heater is partly on the rim, on the sus-
pension bar, and on the hot-plate. The temperature changes in these parts are
nonlinear with respect to the hot-plate maximum temperature. The reasons for this
are the temperature-dependent thermal conductivities, convection, and radiation.
The curves of the variants with the same distance between the hot-plate and the
frame seem only to shift by the difference of the base resistance of the heater. Apart
from this, the curves show no noticeable differences. The variant with a short dis-
tance between hot-plate and frame shows clearly different characteristics. Compared
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FIGURE 10.5 (a) Temperature distribution of a micro hot-plate emitter operated at 10 V
obtained by a finite element method simulation. The simulated maximum temperature is
850°C. The micro hot-plate is well thermally decoupled from the silicon frame. Only at the
fixing of the suspension bars is a larger decrease of the temperature observable (small pic-
ture). (b) Simulated hot-plate temperatures as a function of the electrical resistance of the
heater for three different hot-plates. The curve is just shifted by the difference of the electrical
resistance. The variant with the smaller distance between the hot-plate and the frame shows
a clearly stronger increase, caused by the worth thermal decoupling.

with the others, the thermal decoupling is decreased and the required heating power
is increased.

The stress—strain behavior of micro hot-plates operating at several hundred
degrees Celsius can also be studied using FEM analysis. The implementation of
prestress caused by the deposition of the thin-film layers is in principle possible, but
quite involving. The prestress of the single layers had to be investigated previously
using test structures fabricated with the planned fabrication process. The sensitivity
for buckling of micro hot-plates can also be estimated by FEM analysis. In the case
of micro hot-plates based on SOI substrates with suspension bars, the main influence
on buckling is due to the thermal expansion of the hot silicon platform and suspen-
sion. There is also a contribution of the thin-film layers on it, but to obtain a rough
value for the first buckling mode, the model can be simplified to the main material
of the hot-plate and the suspension bars.

Figure 10.6 shows the simulated shapes of the first buckling mode for three dif-
ferent suspension bar designs. This linear buckling analysis shows only the critical
temperature for the respective buckling mode. Information on the absolute dis-
placement of the hot-plate from these simulations is not possible. Buckling analyses
were applied on the silicon suspension bars and the silicon part of the hot-plate. The
position of the ends of the suspension bars—the connection to the silicon frame—is
fixed. The standard suspension type, shown in Figure 10.6a, having an axis-
symmetric design has the lowest critical temperature difference of 379 K. The sus-
pension design shown in Figure 10.6b has a significant improvement of the buckling
problem, because of its possible degree of freedom in translation. This reduces
the comprehensive stress caused by thermal expansion. Its critical temperature of
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FIGURE 10.6 First buckling mode shapes of a linear buckling analysis for different support
layouts caused by the thermal expansion. The critical temperature change that leads to the
buckling is calculated to 87 = 379 K for (a), 8T = 2507 K for (b), and 8T = 8163 K for (c). The
displacement scale reaches from 0 to 1 depending on the eigenvalue calculation.

buckling is 2507 K. The design in Figure 10.6¢ also has the rotational degree of
freedom and suspension bars with spring characteristics. Even if both supporting
points of such bars are at a fixed position, a thermal expansion is possible. The criti-
cal temperature for buckling here is 8163 K. The critical temperature for buckling
of the variants with a rotational movement of the hot-plate during operation is sig-
nificantly above the melting point of silicon and thus above the possible maximal
operation temperature. The length of the suspension bars also has a strong influence
on the critical temperature for buckling.

FABRICATION

Typically micro hot-plates are fabricated using bulk micromachining from the front
and the back side. Most of the material is removed using fast wet-etching processes
from the back followed by a structuring process of the suspension beams from the
thin front side. Micro hot-plate fabrication from only one side is also possible, but
then the hot-plate region and its suspension have to be made etch resistant, for exam-
ple, by ion implantation of silicon. Using two-side structuring, a dielectrical layer
acts in most cases as an etch stops. SOI substrates are well suited and becoming a
standard starting material for micro hot-plate devices. Therefore, in the following
discussion the fabrication of a micro hot-plate device is explained on the basis of an
SOI substrate.

The thermal emitter hot-plate is based on a common 4-in. SOI wafer with 15 um
Si, 1 um SiO,, and 380 £ 15 pwm Si. The SiO, layer acts as an etch stop for the KOH
etch process. The bulk silicon has a (100) orientation and is p-doped with boron. On
both sides a 400-nm-thick low-pressure chemical vapor deposition Si;N, layer is
deposited as a passivation for further processes. Figure 10.7a shows the cross section
of the wafer.

The first part of the process comprises the front-sided structuring of the platinum
heater elements and the platinum temperature sensors. An aluminum layer with a
thickness of 280 nm is deposited and acts as a sacrificial layer in the platinum struc-
turing process. The layout of the platinum structure is transferred in the following
photolithographical process in the photoresist. The resulting photoresist structure is
used for wet etching of the adjacent aluminum layer. Wet etching of the aluminum
yields an undercut of approximately 1 wm. This undercut is important for creating a
homogeneous border area of the sputtered platinum elements. The aluminum layer
has the negative shape of the final platinum structures. Before the deposition of the
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(a) (C) il

FIGURE 10.7 Fabrication of the thermal hot-plate (cross-section view). (a) Silicon on insu-
lator substrate with a thickness of 386 wm (380 wm silicon, 1 um SiO,, and 15 pm silicon. (b)
Both sides have a Si;N, layer with platinum heater and platinum T-sensor elements on the top.
(c) The bottom has a KOH etch. (d) Top side structuring of the suspension bars.

200-nm-thick platinum layer, a thin 20 nm-thick tantalum layer is deposited by sput-
tering in order to increase the adhesion of the platinum. After the deposition of plati-
num, the photoresist structure is stripped with an acetone—propanol cascade and the
aluminum layer is removed by wet etching. The cross section of the structured plati-
num elements is shown in Figure 10.7b.

For the backside definition, the Si;N, layer is photolithographically structured.
The remaining photoresist acts as a negative mask for the following reactive-ion etch
step. After stripping of the photoresist with an acetone—propanol cascade the wafer
is prepared for the KOH etch of the backside cavity. The bare silicon is anisotropi-
cally etched in a KOH etch solution at a temperature of 80°C (Figure 10.7c).

In order to protect the front side, a special wafer holder that allows sealing one
side of the wafer is used. The KOH etch has a much slower etch rate at the Si;N,
mask, at the (111) surfaces in the silicon bulk material and at the SiO, layer. This
results in cavities with the shape of truncated pyramids. The angle between the back-
side surface and the sidewalls is 54.7°. The SiO,, which is the etch stop for the KOH
etch, is finally removed by a backside reactive-ion etch process. This is done uni-
formly without any additional passivation.

In the current state, silicon membranes with platinum structures are fabricated.
Now, these membranes have to be structured. Once again this is done with an alumi-
num sacrificial layer process (thickness 500 nm). The aluminum is structured using
a photolithographic process and a wet etch. The aluminum hard mask protects the
hot-plate region with the platinum structures and the suspension bars from the dry-
etch process. Using reactive ion etching the 400 nm Si;N, as well as the 15 pm Si
between the hot-plate, the rim and the suspension bars are removed. Finally, the
remaining aluminum hard mask is removed by a wet-etching process (Figure 10.7d).

These fragile devices are diced using a wafer saw. The wafer is applied with its
bottom side to an adhesion foil. The top side is protected with a viscous photoresist
that also fills the cavities next to the hot-plates. After an out-gasing of 2 h the photo-
resist is baked for 15 min at 50°C. This leads to an improved adhesion between the
wafer and the foil. The wafer is cut along dicing marks, which were deposited
together with the platinum heaters and sensors on the front side. After the dicing
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process, the adhesion foil with the diced chips and the photoresist is soaked in ace-
tone. The photoresist is removed and the chips are removed from the adhesion foil.
After cleaning in propanol and deionized water the chips are prepared for packaging.
Now, the chips are ready for packaging. A good possibility is to glue the chips with
a ceramic adhesive in suite socket (e.g., TOS5). Standard wire-bonding techniques can
be used for the connection of the device and the package.

CHARACTERIZATION OF MICRO HOT-PLATES

The most important data of micro hot-plates are the hot-plate temperature as a func-
tion of the heater voltage or power and the modulation heater temperature as a func-
tion of the modulation frequency. This section discusses the experimental approach
for the determination of these data and their problems.

STATIC ELECTRIC INVESTIGATIONS

The basis of the electrical characterization is the determination of the V-I character-
istics. The results of the standard design are shown—exemplarily, one curve per
design—in Figure 10.8a. Due to the inhomogeneous temperature along the heater,
the V-I characteristics are clearly nonlinear. The platinum regions at the rim are at or
close to room temperature, while the platinum regions on the hot-plate have a tem-
perature of several hundred degrees Celsius and the platinum structures on the sus-
pension bars have a temperature distribution between rim and hot-plate temperature.
The electrical characteristics of the platinum heater can be modeled as a serial con-
nection of resistors changing their resistance in dependence of the hot-plate tempera-
ture, but not uniformly.

Measurements in a vacuum chamber are performed in order to get information
on the influence of the convection and conduction of air. These results can be also
used for the FEM model in a redesign. In general, the influence of the position emit-
ter in the vacuum chamber should not influence its own temperature. In order to
assure one that there is no relevant position dependence in the chamber, a series of
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FIGURE 10.8 (a) V-I characteristics of the three different micro hot-plate emitters in nor-
mal atmosphere. (b) Hot-plate temperature (HP) and frame temperature (FR) as a function of
the heating power in vacuum and in a normal atmosphere.
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test measurements can be performed at different positions. Figure 10.8b shows the
hot-plate temperature and frame temperature of the emitter as a function of the heat-
ing power. A double heating power (400 mW) is required in normal atmosphere to
achieve a hot-plate temperature of 580°C. In both cases, the hot-plates are heated to
~700°C. The micro hot-plate operated in vacuum shows almost twice the frame tem-
perature (7; =197°C; T, =733°C) compared with the micro hot-plate

Tame,vac ot-plate,vac
operated in a normal atmosphere (7 =109°C; T, =6062°C).

rame,atm ot-plate,atm

TRANSIENT INVESTIGATIONS

The micro hot-plates are designed for a fast modulation. The response time of the
hot-plate temperature—the time span from room temperature to operation tempera-
ture in steady-state condition—gives information of the modulation behavior dur-
ing operation. Typically, a voltage step is applied to the heater. This implies that the
heater current—and thus, the heating power—is changing during the transient pro-
cess, because of the temperature dependence of the electrical resistance of the
heater. The response characteristics have an exponential shape. It is not sufficient to
determine the end value during the transient temperature measurements, because
the temperature change at the end of the heating or cooling process is relatively
small.

For a better comparison of different emitters, it is common to use the 7y, time. The
1y time is the time span during the heating process from the static ambient tempera-
ture to 90% of the static operation temperature and the time span during the cooling
process from the static operation temperature down to 10% of it, respectively.

For the 7., time measurements it is useful to have hot-plate devices with an inte-
grated temperature sensor on the hot-plate. A constant current of 0.1%—1% of heat-
ing current has to be applied to the sensor and the voltage can be measured with an
oscilloscope during the heating and cooling processes, respectively. The sensor cur-
rent has to be chosen taking into consideration that the power loss through the
temperature should not yield in hot-plate heating of several degrees Celsius. With
the FEM results of the electrothermal simulations (Figure 10.5b) it is possible to
estimate the hot-plate temperature on the basis of heater resistance. The steady-state
voltage of the temperature sensor at a constant current was determined and used as
800°C reference in the modulated operation. Figure 10.9 shows the transient heat-
ing and cooling characteristics of one micro hot-plate with a standard suspension.
During the heating process the hot-plate reaches 90% of the steady-state operation
temperature after 39 ms. The cooling process down to 10% of the operation tem-
perature lasts for 45 ms.

Alternatively, or even additionally, the frequency dependence of the hot-plate
maximum and minimum temperatures can be determined using an optical detector
by measuring the radiated power. Ideally, the detector has a linear characteristic
with the incoming power. The dependence of the optical power and the hot-plate
temperature can be measured in static operation. Now, the amplitude—frequency
response can be determined by modulating the heater current and evaluating the
detector signal. The interesting frequency span of micro hot-plates today is around
0.1-100 Hz.
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FIGURE 10.9 Determination of the transient characteristics of the hot-plates during
(a) heating process up to 800°C and (b) cooling down to room temperature.

FURTHER RECOMMENDED INVESTIGATIONS

The measurement of the radiation power can be quite interesting for further model-
ing or better understanding of the different heat losses in order to optimize the micro
hot-plate. The key element for this is the integrating sphere. The highly diffuse
reflective inner surface of an ideal integrating sphere ensures that each segment of its
surface is illuminated with the same light intensity, independent of where the light
source is and how it radiates. The amounted of emitted power can be calculated on
the basis of the surface and the measured optical power density.

The most temperature-limiting part of the micro hot-plate is its heater. In princi-
ple, it is possible to operate the micro hot-plate for a specified time at a fixed opera-
tion point, monitoring its heater current and checking the heater structure using
microscopy after this period. But if the heater degradation is much more than
expected, it is helpful to check the temperature influence on the heater structure
without a heating current. Here, an oven, which allows the control of the nitrogen,
oxygen, and hydrogen mixture in it, is useful for testing the influence of temperature
at various ambient conditions.

The investigation of mechanical failure is important for micro hot-plates operat-
ing at high temperatures, and especially the types with low critical temperatures for
buckling. An external acceleration of the hot-plate vibration with significantly larger
amplitudes can be used to make highly accelerated life tests.

MICRO HOT-PLATES FOR METAL-OXIDE-BASED GAS SENSORS

Gas sensors based on metal oxides are quite sensitive to oxidizing or reducing gases
such as CO, NO,, and hydrocarbons. Typical metal oxides are SnO, ZnO, TiO,, and
WO,, but the most investigated and commercially used material is SnO, [9]. The
sensing mechanism is based on the availability of free electrons of the metal oxide.
Used metal oxide has free oxygen vacancies because of its nonstoichiometric bond.
In atmosphere, the metal oxide surface is covered with adsorbed oxygen. At higher
temperatures (>>100°C), most of the adsorbed oxygen exists as O~. This single mol-
ecule takes an electron from the metal oxide material for its bond. Thus, the adsorbed
O~ atoms at the surface resulting in a depletion zone in the metal oxide.
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Oxidizing and reducing gases can react at the surface and take or leave an O~ mol-
ecule. If a CO molecule reacts to CO, at the surface, an electron will be given back
to the metal oxide and its conductivity will increase. This also means that the sensing
principle is an oxygen sensor. Under the assumption that the partial pressure change
in the ambient is constant or at least small compared to the change of the aim gas, the
sensor response is a function of the change in the gas concentration. In order to get a
high signal change, small metal-oxide grains or thin films are used. Here, the frac-
tion of the depletion zone related to the overall thickness is high or it even covers the
complete material.

Because of the last cross-sensitivity to other gases and the strong sensor drift, it is
not possible to use the sensors for quantitative analytical measurement. Its advantage is
the extremely low price and its high sensitivity. Applications, that require the detection
of a high change of a gas concentration, as in smoke gas concentration in buildings or
the control system for fresh air quality in cars, are typical for these sensor types.

Metal-oxide gas sensors are typically operated at 200—400°C.

The first industrial available sensors were based on a heater embedded in an alu-
mina ceramic tube. The metal oxide was mounted around this tube which had two
printed electrodes (Taguchi-type sensor) [23-25]. Nowadays, the metal oxides are
deposited mostly with a screen printing process (thick film) or sputtering (thin film)
on a substrate. In order to achieve a high surface compared with the thin thickness of
a material, nanostructured metal oxides are a major concern for research.

Micro hot-plates have two big advantages in metal-oxide gas sensing. The realiza-
tion of operation temperatures up to 400°C with “normal” filament-like heat-able
structures or the use of bulk substrates requires a high amount of electrical power.
This allows the reduction of the power consumption from several Watts to some
100 mW or even less, depending on the required size of the heated area. Due to its
fast heating and cooling times, power consumption can be reduced further. In many
applications, it is sufficient to have a measurement each minute. The sensor can be
turned on for a time span of some seconds to take the measurement and afterwards
turned off. In general, the metal-oxide sensors have a large cross-sensitivity. But
there is a temperature- and material-dependent sensitivity available, which allows
getting some information on the gas composition. Micro hot-plate substrates allow a
fast change of the operation temperature. The transient response of the temperature
scan can be used as a gas-type-dependent characteristic. An integration of several
different metal-oxide elements on one hot-plate is possible. Micro hot-plate concepts
can also be used to build sensor arrays operating at different temperatures in one
chip. Then, one micro hot-plate per chip is required.

Due to low electrical conduction, finger electrodes are used for connecting the
sensitive layers. It is possible to design the heater and electrodes in such way that it
can be fabricated together in one process step. Concerning the design of micro hot-
plates for metal-oxide gas sensors, it is important to ensure a low temperature differ-
ence in the metal oxide. It should not exceed some degrees Celsius. In case of the
screen-printed and sputtered approaches, the problem is mainly the lateral tempera-
ture distribution. If the micro hot-plate has a quite low thermal conductivity, an addi-
tional heat-spreading layer has to be deposited beneath the sensing region. In the
case of nanostructured metal oxides, temperature distribution along the vertical
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FIGURE 10.10 (a) Cut-out of a possible nanostructured metal oxide. (b) Estimation of the
temperature difference from the top to the bottom of different wall thickness and pore dia-
meters of the basis of Al,O; operated at 300°C (bottom temperature). Pore heights of around
100 um can be realized without critical temperature difference along the vertical direction.

direction may also become important. Here, making some calculation in order to
obtain same “Figure of Merits” is recommended. Figure 10.10a shows an example
cut-off from a pore array. The temperature difference between the bottom and the
top for different pore diameters and wall thickness is shown in Figure 10.10b.
Structures with very thin walls and large pore diameters could reach some critical
values. A pore with a wall thickness of 100 nm, a diameter of 10 wm, and a height of
300 wm will have a vertical temperature difference of around 4.8°C. Together with a
lateral temperature difference over the metal oxide of, for example, a further 5°C,
this will result in a total temperature difference of almost 10°C. This value is too
high for a metal-oxide gas sensor. The height of the structure had to be minimized
and/or the lateral temperature distribution had to be improved.

MICRO HOT-PLATES FOR THERMAL EMITTERS

An increasing number of processes and safety and environmental applications
require measurement systems for gas detection as well as for contamination monitor-
ing of liquids. Examples of such applications are the monitoring of toxic gases and
early detection of leakages. Another field is the chemical industry, which needs sen-
sor systems for process control. In these applications, absorption measurements are
an important detection technology combining high sensitivity, fast response time,
and high reliability.

In particular, infrared spectroscopy facilitates the selective and sensitive mea-
surement of various molecules by their specific absorption. It uses the characteristic
absorption of the molecules in the mid—infrared region and allows the determination
of the species and its concentration. Especially by absorption at longer wavelengths
between 8 and 12 um, the so-called fingerprint region, molecules can be measured
with the highest selectivity. In the last years, infrared detection and measurement
technologies have gained increasing importance.
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Small thermal emitters are a key component in nondispersive infrared (NDIR)
systems. In contrast to dispersive infrared systems that use a wavelength-selecting
element like a Michelson interferometer or a grating, NDIR systems have a detection
unit (channel) for a small specific spectral band. Typical is the combination of an
optical filter with a broadband detector or the use of a photoacoustic detector. The
main advantage of an NDIR system is the significantly low fabrication costs com-
pared to other infrared spectroscopic systems.

Gas molecules have a defined and typical light interaction characteristic, which
allows the determination of a gas concentration by measuring the amount of trans-
mitted light through a gas volume with a known optical path length dependent in the
wavelength. The basic setup of such systems contains a light source emitting light in
the specific spectral range—where the target gas is absorbing—with the intensity /,
a defined length of the optical path d, and a detection unit for measuring the trans-
mitted light 7,. Knowing the spectral molar absorption coefficient K, ,.,.(A) of the gas
in the considered spectral range, the molar gas concentration c,,, can be calculated
using the Beer—Lambert law [26]. Figure 10.11 shows the basic setup for spectro-
scopic transmission gas measurement.

Conventional thermal emitters for use in NDIR spectroscopic measurement sys-
tems are operated in a static mode. However, the modulation of the optical emission
allows techniques for noise reduction or the use of pyroelectric detectors. Mechanical
modulation with a chopper is a possibility, but it has the disadvantage of moving
mechanical components, and at least it is an additional component, which increases
the system costs. In the case of medium-priced systems, the cost of this optical chop-
per can be in the magnitude of 10-30% of the system costs—depending on the sys-
tem. Thermal emitters with a low thermal mass are the right choice for this task. One
possibility is to form filaments with a low thermal mass and a large surface area
[16,27-30]. The use of MEMS-based micro hot-plates allows a further improvement
of the modulation property of thermal emitters. Modulation frequencies of around
10 Hz are typical for this application.

MEMS-based commercially available emitters for pulsed operation use thin
dielectric membranes to achieve thermal isolation of the micro hot-plate (the emitting
area) from the supporting frame of the silicon chip. Nevertheless, the performance of
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FIGURE 10.11 Basic setup for spectroscopic transmission gas measurement. The transmit-
ted light intensity 7,(A) is measured with an detector after the light has passed a volume with
absorbing molecules. On the basis of the absorbing coefficient at the wavelength A, the
amount of light before gas interaction /, and the spatial length of the light/gas interaction d,
the gas concentration can be determined by the Beer—Lambert law.
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these “standard” MEMS-based emitters suffers from inadequate mechanical robust-
ness and a low emission of radiation in the upper part of the mid-infrared region, due
to the use of a closed dielectric membrane for thermal insulation. In contrast, micro-
machined infrared emitters based on the suspension-bar concept enable a fast tran-
sient temperature operation, higher operation temperatures, and, as a consequence,
better emission characteristics in the mid-infrared spectral region.

Besides the high operation temperature, an improved spectral emissivity of the
micro hot-plate is required in order to increase thermal emission. Emission coatings
with low emittance at shorter wavelengths contribute toward saving heat energy.
This is explained by Planck’s distribution, where the maximum of the emitted
power is shifted to shorter wavelengths with increasing temperature. At 800°C the
emitted power of a black body at 10 um is very low compared to the emitted power
at 3 um. If it is possible to reduce the emissivity in the unused spectral region, the
efficiency factor of the emitter will be improved. Typically, an emissivity enhance-
ment of a surface is achieved by increasing its roughness. In terms of MEMS
devices, black silicon or black platinum are typical examples for such an emissivity
enhancement.

The size of the hot-plate is directly related to its thermal mass and to its transient
characteristic. Multichannel detectors are often used in NDIR systems in order to
monitor several gas concentrations and a reference value simultaneously. Ideally, the
used emitter has a similar area, size, and shape as the detector array, and the optical
system images the emitter surface directly on the detector. If the emission area is
smaller than the overall size of the detector array, the detector array has to be posi-
tioned out of the system’s focal point and the intensity on the detector surface is
reduced. Due to the fact that thermal emitter-based spectroscopic systems are in
general limited by detector noise, this arrangement should be avoided.
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WHY AMBIENT ENERGY HARVESTING?

Imagine that a miniature electronic device never needs battery recharging.
Impossible? Not, if the energy source in the device is constantly replenished in an
efficient and unobtrusive way. For decades, harvesting of the energy of ambient light
has been a common method of making electronic devices operate longer. If we can
use the energy of light, why not use other forms of ambient energy? Pressure varia-
tions, structural deformations, or mechanical vibrations are readily available in
many environments. It is only recently, however, that the decreasing energy con-
sumption of electronic devices enabled the creation of complex wireless systems
powered solely from the energy present in their immediate surroundings.
Furthermore, advancements in the microelectromechanical system (MEMS) tech-
nology have allowed miniaturization of the ambient energy harvesters to accompany
the already small electronic systems, thus opening ways to the creation of fully
autonomous miniature systems.

Use of ambient energy to extend the lifetime of electronic devices is especially
appealing in two scenarios. The first one concerns devices that operate in difficult-
to-access environments: mountains, forests, bridges, contamination zones, sealed
structures, and also inside common machinery. In such cases, battery replacement or
recharging is impossible or very inconvenient. The other scenario of interest applies
when it is not economically viable to replace or manually recharge the battery in a
device, for example, when a multitude of miniature devices compose a larger system.
Those two cases usually apply to wireless sensor nodes that are used to continuously
measure key parameters in a system. These devices would greatly benefit from addi-
tional energy to extend their operation time.

SYSTEM ARCHITECTURE

Figure 11.1 presents a block diagram of an example system, where the energy required
for its operation is provided by an ambient energy-harvesting device. The ambient
energy is converted into an electrical signal by an electromechanical transducer—the
energy harvester. The electrical signal generated is rectified by an AC/DC circuit*
and then regulated by a DC/DC circuit to efficiently recharge a small local energy
storage unit (microbattery or supercapacitor). The client electronics uses the energy
stored in the intermediate energy storage unit. Therefore, based on the amount of

“ An AC/DC circuit is needed only if an AC signal is initially generated. For example, it is needed for
mechanical vibration harvesting, but not for semiconductor solar panels.
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FIGURE 11.1 Block diagram showing the principal components of an ambient energy
powered system.

energy available in the environment, the duty cycle of operation of the client electron-
ics can be adjusted allowing the energy-harvesting system to recharge the battery,
even if the average power available in the environment is lower than the active power
consumption of the client electronics.

Recent studies show that current technology enables the creation of wireless sen-
sor nodes that use sufficiently little power to be entirely powered from harvested
ambient energy [1]. Hempstead et al. [2] analyze a sensor system that consumes on
average only 2 UW when operated at 10% duty cycle and Hui Teo et al. [3] propose a
sensor system for health monitoring that requires only 7.5 WA when operated at
0.9 V. A commercial wireless smart sensor platform Toumaz Sensium [4] is claimed
to operate for over one year from a single 30 mAh battery at 1 V, which translates to
a mean current consumption of less than 3.5 pA. All these examples prove that con-
tinuous power generation in the order of several microwatts would suffice to power a
wireless sensor node operating at a very low duty cycle.

Size MATTERS

It has been proven that it is possible to use energy extracted from ambient vibrations
to power wireless sensor nodes. Nevertheless, most of the current energy-harvesting
devices are macroscopic, which negates one of the principal advantages of their use,
that is, miniaturization of the device through reduction of size or complete elimina-
tion of the battery. Miniaturization of wireless sensor nodes is crucial not only to
reducing their cost but also to minimizing their impact on the monitored environ-
ment. Imagine a wireless sensor that monitors motion of a shaft in a machine. If the
sensor is too big, in the first place, it could be impossible to fit it into the best mea-
surement location. Furthermore, if it is heavy compared with the monitored part, its
presence would affect the part behavior negating the validity of the acquired data.
Therefore, if the implementation of an energy-harvesting device in a system resulted
in an increase in the overall dimensions over a similar system equipped with a bat-
tery containing enough energy to power it through its lifetime, the interest in using
energy harvesting would be questionable. Therefore, miniaturization of energy har-
vesters is crucial to proliferate their use. To this end, MEMS technologies can be
used. MEMS structures are created using manufacturing technologies originating
from the standard batch microelectronic fabrication processes and thus provide a
means of producing large quantities of inexpensive miniature devices, similar to
electronic chips that revolutionized the electronic industry.
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AMBIENT MECHANICAL VIBRATIONS

Up to now, solar radiation has been the most common source of ambient energy,
widely examined and successfully used [5]. Nevertheless, its application is limited to
environments where direct light is available, which is rarely the case for miniature
sensor nodes. As an example, let us consider possible ambient energy sources that
could be used for powering wireless sensor nodes for industrial machinery health
surveillance. Solar energy is to be excluded as in very few cases ambient light is
available inside machinery. Furthermore, given the harsh and dirty nature of such
environments, the efficiency of solar panels would quickly deteriorate. Thermal
energy can be considered, but implementation of such a solution is very challenging
due to high-temperature gradients required that are not practically realizable in min-
iature systems [5]. On the other hand, mechanical vibrations are often present with
high power densities in industrialized environments [6]. Furthermore, mechanical
vibrations can be transferred to the harvester device by means of a simple mechani-
cal coupling. Due to these advantages a lot of research has been done in this field [7]
and three main methods for converting mechanical energy into electrical energy
have been identified: capacitive, electromagnetic, and piezoelectric. Each method
has its advantages and drawbacks. A device using the capacitive method can be min-
iaturized relatively easily using a complementary metal-oxide—semiconductor
(CMOS)-compatible process, but it requires very high polarization voltages for effi-
cient operation [8]. On the other hand, the electromagnetic method provides high
power densities, but relies on high-quality magnets and coils, which currently
excludes easy miniaturization and integration with CMOS electronics [9]. Finally,
the piezoelectric method offers elevated power densities from mechanically simple
structures, but requires high-quality piezoelectric materials for efficient operation
[6]. It has already been shown that the energy of mechanical vibrations can be suc-
cessfully used to power wireless sensor nodes using the piezoelectric effect [10,11].
Additionally, the recent advancements in the piezoelectric thin-film deposition
opened ways to further miniaturization of piezoelectric devices [12]. Given the fact
that a wireless sensor node incorporating an array of MEMS energy harvesters could
result in a truly miniature autonomous system, the piezoelectric energy conversion
method seems to be the most promising one to use.

Research presented by Mitcheson et al. [13] analyzes various types of generic elec-
tromechanical energy converters with respect to their frequency characteristics. As
the output power of a device converting mechanical vibrations into electricity
increases with deformation of the device, obviously the highest power is generated at
the resonance frequency. In case of the analyzed application (industrial machinery), a
dominant frequency can usually be identified; therefore, a device with its resonance
frequency matching this characteristic ambient vibration frequency can be created.

This chapter discusses the use of piezoelectric MEMS energy-harvesting devices
to supply power to a miniature wireless sensor node. We start our considerations
with a generic unidimensional model of an energy harvester followed by more
detailed analytical models of actual geometrical structures common in MEMS
implementations of piezoelectric energy harvesters. We also discuss various methods
of implementing the presented models, ranging from the finite-element method
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(FEM) to VHDL-AMS behavioral models. The most important factor discussed is
the influence of various device parameters (e.g., material properties, damping, layer
thickness) on the overall efficiency of energy conversion. Finally, all the modeling
results are contrasted with experimental data obtained with actual piezoelectric
MEMS energy-harvesting devices.

For clarity, an appendix containing all the symbols used in the presented models
is provided at the end of this chapter.

GENERAL MODEL

The simplest representation of a resonant mechanical vibration energy harvester is a
mass spring system, as schematized in Figure 11.2. This type of assembly was origi-
nally analyzed in the aspect of energy harvesting by Williams and Yates [14] where
the fact of energy extraction was simplistically represented by a viscous damper.
More precise models adapted for the piezoelectric transduction were introduced by
duToit et al. [15] and by Lefeuvre et al. [16].

UNIDIMENSIONAL MODEL

A piezoelectric mechanical energy-harvesting system that is constrained to move in
one dimension only is composed of a frame in movement y(f) relative to a motionless
reference base and a seismic mass m connected to the inside of the frame by a means
of a piezoelectric element. When an external acceleration is applied on such system
through movement y(f), inertial forces act on the seismic mass m and induce its dis-
placement w(f) relative to the frame, which in turn results in compression of the
piezoelectric element. The piezoelectric element is represented by a mechanical
stiffness component (a spring with stiffness k) and a piezoelectric transduction ele-
ment connected to an electrical load R. Furthermore, three types of losses are con-
sidered: viscous (proportional to the displacement speed) represented by the viscous
damping coefficient A, structural (proportional to the displacement amplitude)
expressed by the structural damping ratio v, and dielectric represented by the tangent
of the loss angle (tan 8). Assuming that all components except for the seismic mass

w(t) m

[ L
i,

Frame in movement

Motionless reference base

y(2)

FIGURE 11.2  General one-dimensional model of a piezoelectric resonant power generator.
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are weightless, this system can be described by the differential Equation 11.1 derived
from the force equilibrium principle.

mw+ M +kw+ F, +mj =0 (1L.1)

The component mw represents the force of inertia of the seismic mass relative to
the frame. The component my represents the force of inertia of the entire frame rela-
tive to the reference base. The component Aw represents the force of viscous damp-
ing and the component kw represents the force related to the mechanical stiffness of
the piezoelectric element, where k is the complex stiffness incorporating the struc-
tural damping ratio y (Equation 11.2, where j = J-1 )- Finally, F, is the force intro-
duced by the piezoelectric effect, which also includes the influence of the dielectric
losses present in the piezoelectric element.

k=k (1+]y) (11.2)

In the simplest case, the output power is evaluated on a resistive load R connected
directly to the electrodes of the piezoelectric element. In a real implementation
though, the power conversion system would be much more complicated, that is, com-
posed of a rectification AC/DC circuit and a DC/DC converter for voltage regulation.
Modeling of an entire energy-harvesting system including the piezoelectric trans-
ducer and the power conditioning circuit will be discussed in Section “Complete
System Modeling.”

In order to determine the value of force F,, the constitutive equations of piezo-
electricity, Equations 11.3 and 11.4, for a one-dimensional system are used. In the
general model, it is assumed that the force is applied on the piezoelectric element
along its polarization axis (piezoelectric axis 3). Therefore, following the IEEE stan-
dard on piezoelectricity [17] the 33 mode coefficients are used.

T, = ¢3S, — ey, E; (11.3)
D; =¢S5+ £§3E3 (11.4)

T, and S, are respectively the stress and strain components along the thickness of
the piezoelectric element, E; and D, are respectively the electric field and the elec-
tric displacement field components, c%; is the elastic stiffness constant measured at
constant electric field, e;; is the piezoelectric constant, and €$; is the permittivity
component measured at constant strain. Equations 11.3 and 11.4 can be represented
using the notation detailed in Table 11.1. Thus, after the introduction of structural
and dielectric losses, Equations 11.5 and 11.6 are obtained, where C is the capacity
of the piezoelectric element, linked with the static (lossless) capacity of the piezo-
electric element C, by Equation 11.7.

F,=kw+olU (11.5)
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TABLE 11.1

Conversion between Macroscopic and Microscopic Values

Quantity Description

F,=TA Relation between stress in the piezoelectric material and the external force applied,
where A is the cross-sectional area of the piezoelectric element.

U=-E,L Relation between the electric field intensity and the potential difference between the
electrodes, where L is the length of the piezoelectric element.

q= AD Relation between the electric displacement field variation and the charge variation on
the electrodes (current between the electrodes).

ko =cAIL Equivalent spring stiffness related to the piezoelectric element dimensions and
material stiffness in the direction of pooling.

C,=¢LAIL Capacity of the piezoelectric element related to its dimensions and the electrical
permittivity in the direction of pooling of the piezoelectric material.

w=_S;L Relation between the strain in the piezoelectric material and the external
displacement of the seismic mass.

o= eyA/L Piezoelectric force factor.

T=RC Time constant of the circuit created by the piezoelectric capacity and the load resistance.

0, =/ Angular resonance frequency of a purely mechanical system.

Q= /o, Circular frequency ratio.

- A Unitless viscous damping ratio (percentage of critical damping).
2mw,
2
k2= Cka Effective coupling factor of the system.
0o

U = oRw —RCU (11.6)
C=C,(1-jtand) (11.7)
The system of Equations 11.5 and 11.6 can be solved in the Laplace domain, lead-

ing to the system of Equations 11.8 and 11.9, where variables in the Laplace domain
are indicated in bold and p is the Laplace variable.

_ 2p_ P
F,=kw+o R1+pr (11.8)
_ p
U—och_pr (11.9)

Equation 11.8 indicates that force F), applied on the seismic mass is composed of a
purely mechanical component kw and a component due to the piezoelectric coupling
dependent on the value of the electrical load R.

Furthermore, for the permanent state of the system and with a purely sinusoidal
excitation, the frequency domain can be used. Therefore, the Laplace variable p is
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replaced by jo, where j= J-1 and o is the angular frequency of vibrations. The
relation in Equation 11.10 is obtained, which describes the complex displacement of
mass W relative to the frame. Equation 11.11 describes the complex voltage U gener-
ated on the piezoelectric element. A, is the amplitude of applied acceleration.

. (1+ jto)mA,, 1L10
(M+m)w2—k+j[mw3t—(kr+k+a2R)w] (11.10)

. OORMA,

U= . (11.11)

(At+m)o? —k+j[m(o3r—(kr+7»+oc2R)(o]

Ourtprut Power

Given that the ambient vibrations are abundant and that the harvesting device is suf-
ficiently small not to influence its surroundings, the output power is the best criterion
of harvester efficiency. In the simplest case, when the excitation is a sinusoidal accel-
eration and a purely resistive load R is connected to the piezoelectric element, the
mean power dissipated on this load can be calculated following Equation 11.12.

U
p="__
2R

(11.12)

By using Equation 11.11 in Equation 11.12, it can be deduced that in the absence
of damping, the output power is proportional to the seismic mass value and to the
square of the input acceleration amplitude, and inversely proportional to the square
of the resonance frequency of the system. This result is specific for the piezoelectric
transduction method and differs from the generic one initially proposed by Williams
and Yates [14].

Opr1IMAL REsISTIVE LOAD

Structures using high-quality piezoelectric materials are strongly coupled, which
means that the nature of the electrical load connected to the electrodes encompass-
ing the piezoelectric material influences the mechanical behavior of the system. For
very strongly coupled systems, two peak values of output power can be distinguished.
One corresponds to the resonance (0 = ®,), when impedance of the piezoelectric
element is minimal, and the other to the antiresonance (® > ®,), when impedance of
the piezoelectric element is maximal. There are, therefore, two optimal sets of exci-
tation frequencies and the corresponding optimal load resistance values leading to
the highest power output from an energy harvester. In an ideal lossless case, the
optimal resistance would tend to zero at resonance and to infinity at antiresonance,
with the corresponding power output values being identical. Furthermore, for each
excitation frequency, an optimal resistive load value can be found that provides the
highest output power.
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INFLUENCE OF DAMPING

The presented model takes into account three types of damping: structural (propor-
tional to deformation), viscous (proportional to deformation speed), and dielectric
losses in the piezoelectric element. Figure 11.3 presents power dissipated on an opti-
mal resistive load (a specific value is calculated for each excitation frequency) versus
excitation frequency represented as circular frequency ratio for different damping
levels. Structural and viscous damping influence both resonance and antiresonance
peaks, tending toward a single peak for higher damping levels. The dielectric losses,
however, influence only the antiresonance peak. It can be explained by modeling the
dielectric losses as a parallel leakage resistor. The optimal load value at resonance
being very small, the power dissipated on it is not influenced by a high-value parallel
resistor. In the case of antiresonance, the optimal resistance value is very high (tend-
ing to infinity for a lossless case); therefore, any parallel resistance would cause a
power drop. Piezoelectric materials often exhibit high dielectric losses up to 3% for
soft lead zirconate titanate (PZT) [18] which significantly reduce the power gener-
ated at antiresonance. Figure 11.4 presents the influence of losses on the value of the
optimal resistance. For viscous and structural damping, both values for resonance
and antiresonance are influenced. For high damping ratios, these values tend to a
single value, equal to (w,C,)~". In the case of dielectric losses, the optimal load value
corresponding to the antiresonance is much more influenced, in the same way as for
the power output.

1000

100 |

Power (LW)

10 |

2T 0% §=10% N
v=10% v=0.1%
tan & = 0.1% tand = 0.1%

1 1 1 1 1 1 1 1

0.8 09 1 1.1 12 13 14 15 16
Q

FIGURE 11.3 Analytical modeling results for the power dissipated on an optimal load
resistance versus the circular frequency ratio for four sets of the three types of losses: viscous
(©), structural (y), and dielectric (tan d).
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FIGURE 11.4 Analytical modeling results for the optimal resistance value versus the circu-
lar frequency ratio for four sets of the three types of losses: viscous (§), structural (y), and
dielectric (tan d).

CriticaL COUPLING

The principal parameter of an energy conversion system is the electromechanical
coupling coefficient. This parameter describes the efficiency at which the input
mechanical energy E,, is transformed into the output electrical energy E., as depicted
in Equation 11.13. Its value is different when defined for materials used in the struc-
ture and for the complete structure. The coupling coefficient of the entire structure,
called the effective coupling coefficient k., corresponds to the part of the mechanical
energy present in the system that is converted into the output electrical energy.

ki=—° (11.13)

Figure 11.5 shows the evolution of power dissipated on an optimal resistive load as
a function of the excitation frequency represented as the circular frequency ratio for
four different values of k.. It can be seen that the peak output power increases with the
coupling coefficient but only up to a certain level. After a critical point, corresponding
to the critical value of the effective coupling coefficient (in this case critical k, = 0.075),
the electrical power generated no longer increases and two peaks in the frequency
domain appear (and therefore also two optimal resistive load values). Figure 11.6
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FIGURE 11.5 Analytical modeling results for the power generated on an optimal load resis-
tance versus circular frequency ratio for four values of the effective coupling k..
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FIGURE 11.6 Analytical modeling results for the power dissipated on a matched resistive
load at resonance versus the value of the effective coupling coefficient k, for different levels
of damping. Two zones can be identified, one where the output power increases rapidly with
the increase of k,, and second where the increase of k, implies almost no increase of the

output power.
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presents the evolution of power dissipated at resonance on an optimal resistive load
versus the coupling coefficient of the system at different damping levels. Two
zones can be identified. The first one is where the increase in the coupling factor
is followed by a rapid increase in the output power. The second one is where the
output power is almost insensitive to the coupling coefficient change. A conclusion
can therefore be made that when a system is strongly coupled (when there are two
power peaks in the frequency domain and two optimal resistance values), the out-
put power can only be increased by decreasing the losses present in the system. For
example, for strongly coupled systems, it can be beneficial to use a material with
inferior coupling but with lower losses, for example hard PZT versus soft PZT.
It also proves that the use of very highly coupled materials, but with low mechani-
cal quality factors (e.g., PZN-PT single crystals) does not guarantee higher
output power.

COMPARISON OF PIEZOELECTRIC MATERIALS

In order to present the importance of the coupling coefficient and material quality on
the performance of a piezoelectric energy generator, properties of four common
piezoelectric materials (Table 11.2) are used in the model to estimate the output
power generated on a matched resistive load. The angular resonance frequencies of
all assemblies are set equal to ®,= 103 rad s~ by adjusting the geometrical dimen-
sions of the piezoelectric element and keeping the mass size constant. The viscous
damping ratio (independent of the piezoelectric material used) is fixed at 0.1%.
Figure 11.7 presents the results and Table 11.3 summarizes the key values. It can be
seen that all materials induce strong coupling in the system (two power peaks in the
frequency domain) and, therefore, it is the level of losses introduced by these materi-
als that determine the output power and not the coupling coefficient value. Even
though the PZT-4 material does not present the highest coupling, it provides the
highest output power.

The simple model described in this section is useful for analyzing the influence
of general properties of the assembly on its performance. However, in order to
precisely explore the behavior of a real system, it is necessary to create detailed
analytical models of complete geometrical structures, as discussed in the next
section.

TABLE 11.2
Properties of Four Common Piezoelectric Materials

ks €5, Y (GPa) Q tan & Reference
PZN-PT 0.92 1386 120 61 1% [19]
PZT-5H 0.75 3800 62 32 2% [20]
PZT-4 0.7 1450 70 500 0.5% [21]

AIN 0.3 11 300 250 0.1% [22,23]
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FIGURE 11.7  Analytical modeling results for the output power versus excitation frequency
(expressed as circular frequency ratio) for devices using the four common piezoelectric mate-
rials, whose properties are listed in Table 11.2.

TABLE 11.3
Summary of the Modeling Results for the Four Common Piezoelectric Materials
at the Resonance Frequency (res) and at the Antiresonance Frequency (ares)

PZN-PT PZT-5H PZT-4 AIN
P, @res 123 uW 71 uW 417 uW 312 uW
R, @res 1.81kQ 2.52kQ 1.77 kQ 12.45 MQ
[ 2.55 1.51 o, 1.39 o, 1.05 o,
P, @res 47 uW 43 uW 207 uW 312 uW
R, @res 30 MQ 3.5MQ 43.3 MQ 6.9 GQ

opt

CANTILEVER BEAM MODEL

The simple model presented in the previous section is often insufficient for precise
performance evaluation of realistic energy-harvesting structures. Researchers pro-
posed various shapes for vibration energy-harvesting devices, but a simple cantilever
beam with a mass at the end proves to be the most promising one [7]. Additionally, a
cantilever beam structure with an active piezoelectric layer can be fairly easily imple-
mented as an MEMS [24].

Modeling of strongly coupled piezoelectric structures presents a significant chal-
lenge. Even though several models have been reported in the literature [7], very few
of them focus on ambient energy harvesting. Furthermore, a structure fabricated
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using an MEMS process significantly differs from macroscopic structures and
should be represented appropriately. This section introduces a precise analytical
model of a piezoelectric cantilever beam energy harvester and compares the results
with FEM simulations and experimental results.

SpeciFicity oF MEMS

Miniaturization of energy-generating devices is one of the main goals in the field of
ambient energy harvesting. In order to take full advantage of reducing the size of the
energy reservoir present in an autonomous system, the energy-harvesting structure
has to be miniaturized as well. MEMS technology can be used to create microscopic
electromechanical structures, while maintaining low per-unit cost due to the batch
fabrication process. Furthermore, it is possible to directly integrate MEMS devices
with CMOS electronics to create self-powered Systems-on-Package or even self-
powered Systems-on-Chip [25].

Structures fabricated using MEMS processes significantly differ from their macro-
scopic counterparts. The nature of the microfabrication process implies sequential
deposition of layers of various materials interleaved by selective etching, which results
in very specific geometries. The devices are usually made on a monocrystalline silicon
wafer presenting a very high mechanical quality factor around 2 x 10° [26]. Additionally,
the current piezoelectric material deposition processes allow for the creation of piezo-
electric layers on one side of the device only, contrary to macroscopic structures, where
multiple layers on both sides of the device are often present [27]. Furthermore, the
mechanical influence of the metallic electrodes can no longer be neglected in MEMS
as their thickness is comparable with the thicknesses of other layers. Also, large pro-
cess variations induce high relative structure nonuniformity in the material properties,
layer thicknesses, and geometrical dimensions. Finally, MEMS devices are often char-
acterized by very high geometrical aspect ratios not practically realizable as macro-
scopic structures, for example, a very big mass on the tip of a very slender beam.

THIN-LAYERED PIEZOELECTRIC MATERIALS

Multiple piezoelectric materials are known, but only very few are available as thin
layers to be used in MEMS. The materials most commonly considered for integra-
tion in MEMS devices are aluminum nitride (AIN), lead zirconate titanate (PZT),
zinc oxide (Zn0O), lithium niobate (LiNbOs;), and lead magnesium niobate-lead tita-
nate (PMN-PT). Currently, AIN and PZT demonstrate the best combination of cou-
pling factor, mechanical quality, and ease of deposition. For a more complete
description of thin-layered piezoelectric materials and the methods of their deposi-
tion, the reader is referred to a review performed by Muralt [28].

An example structure of a cantilever beam MEMS piezoelectric generator created
from a Silicon-On-Insulator (SOI) wafer is shown in Figure 11.8 and an SEM image
of a manufactured device is shown in Figure 11.9 [25]. This structure has been fab-
ricated using an SOI wafer to obtain a very uniform and slender beam from the top
silicon layer. The seismic mass (proof mass) is made out of the bulk silicon and its
thickness is equal to the wafer thickness.
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FIGURE 11.8 An example layer structure of a piezoelectric energy harvester built on a sil-
icon-on-insulator wafer with lead zirconate titanate (PZT) piezoelectric thin layer (Adapted
from M. Marzencki et al., Proceedings of Nanotech 2007, Santa Clara, California, May
20-24,2007.)

FIGURE 11.9 A piezoelectric microelectromechanical system energy harvester fabricated
within the European Project VIBES. (Adapted from M. Marzencki, Y. Ammar, and S.
Basrour, Sensors and Actuators A: Physical, 145-146, 363-370, 2008.)

GEOMETRY OF THE MODELED DEVICE

The piezoelectric cantilever beam structure that can be used to convert ambient
mechanical vibrations into electricity is schematically represented in Figure 11.10. It
is composed of a cantilever beam that carries a big seismic mass at its end. When
excited with external acceleration, the force of inertia of the seismic mass deforms
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FIGURE 11.10  Schematic representation of the modeled cantilever beam structure.

the structure. The piezoelectric layer on top of the beam undergoes periodic cycles
of extension—compression and thus generates electrical charges that accumulate on
the metallic electrodes. As the dominating frequency values in the considered envi-
ronment are around 1 kHz [30], the resonance frequency of the harvester should fall
in the same range. In the case of MEMS this is not evident, taking into account the
very small dimensions of these structures. In order to achieve a low resonance fre-
quency, the size of the seismic mass carried at the beam end should be very signifi-
cant compared with the rest of the device. As a result, the following assumptions are
taken into account during creation of the model:

e The beam mass is neglected as it is much smaller than the seismic mass
value.

e Only the first mode of resonance corresponding to the out-of-plane move-
ment is modeled.

e The rotary inertia of the mass is taken into account.

e Mechanical clamping is considered to be perfect.

e The seismic mass is considered to be perfectly rigid.

A generic layer structure of the cantilever beam is shown in Figure 11.11. In the
case of MEMS, there is usually only one piezoelectric layer sandwiched between
electrode layers deposited on top of a silicon beam. In the case considered here, the
electrodes are laid perpendicular to the pooling direction of the piezoelectric layer,
and so piezoelectric axis 3 corresponds to geometrical axis z, piezoelectric axis 1
corresponds to geometrical axis x, and piezoelectric axis 2 corresponds to geomet-
rical axis y. The placement of electrodes imposes that no electric field can develop
in directions 1 and 2. On the other hand, during flexing of the beam, the charge
density on the electrodes must be nonuniform in direction 1 in order to keep the
electrode surfaces equipotential. The cantilever beam modeled is slender (very thin
compared to its length) so the Euler—Bernoulli representation is used. Both the
shear stresses and strains are neglected and Kirchhoff’s and Love’s assumptions are
used, where the normal to the neutral surface remains normal and unstretched dur-
ing deformation.
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FIGURE 11.11 Layer composition of the beam, with the mechanical silicon layer, the bottom
metallic electrode, the active piezoelectric layer, and the top metallic electrode. Location of the
extremities of each layer on the two coordinate axes used in the model is presented as well.

BouNDARY CONDITIONS

Definition of boundary conditions is very important for proper modeling of this
structure. An assumption of “uniform strain” has been made for the beam, which
implies that the beam width remains constant. It can be justified by the presence of
both beam clamping at one end and attachment of the beam to the seismic mass at
the other end. It is also assumed that the mechanical variables are independent of the
y coordinate. Therefore, the independent mechanical variables comprise S, and S,
horizontal strains and T; vertical stress. The effective mechanical and electrical
properties of materials (denoted by superscript ef) are derived from boundary condi-
tions of the structure (Table 11.4), as proposed by Muralt et al. [31].

The neutral axis location from the bottom of the support layer is calculated with
Equation 11.14, where Y',Y5 Y5, and Y;' represent the effective rigidity of the

el et ?

silicon support layer, bottom electrode, top electrode, and the piezoelectric layer,

TABLE 11.4
Definition of Electrical and Mechanical Boundary Conditions Used
in the Model

Boundary Condition Description
wx=0,)=0 The beam is mechanically clamped at x = 0.
{aw(’g;c,t)} =0 Beam curvature at the clamping equals zero.
x=0
T,=0 The layers are free to expand in the thickness direction.
S,=0 The beam width is constant.
E =E,=0 Electrical field components in the horizontal directions equal zero.
D, =flx1) The electric displacement field is a function of the x coordinate and time, but

is uniform in the layer width and thickness.
E,=f(z1) The electric field is a function of the z coordinate and time, but is uniform in
the layer width and length.
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respectively; while i, hg, h, and h, are the thicknesses of these layers, respectively.
Equation 11.14 is obtained from the force equilibrium in the length of the beam
(assuming that all layers are purely mechanical) and provides distance @, from the
bottom of the beam to the neutral axis [32].

YER2 + Y5 hy, (g, + 20, )+ Vel (B + 2 + 2Ry, |+ Yl ( By + 2k, + 20, + 20,
a, =

(Y + Yy + Y hy + YR, )

et “Yet

(11.14)

PiezoeLecTrIC COUPLING

Piezoelectric coupling of the structure has been derived from the piezoelectric con-
stitutive equations [17]. Boundary conditions applied on the piezoelectric layer and
the geometry of the device are used to generate Equations 11.15 and 11.16 [33,34].

T| | €
T,|=| e |8, —|est | E, (11.15)
S, —cf ess

D, = et S, +e5 - E (11.16)

Parameters 7, and S, are respectively the stress and strain vector components, D5
and E; are the electric displacement field and electric field components, cf' repre-
sents the effective mechanical stiffness matrix coefficients, es! is the effective stress
piezoelectric coefficient, and €} is the effective electrical permittivity coefficient.

DAMPING TyPES

The behavior of the coupled electromechanical structure is greatly influenced by the
presence of damping as discussed in Section “Boundary Conditions.” The main
types and the corresponding quality factors calculated for the analyzed structure are:

e Viscous damping that introduces a force proportional to the speed of dis-
placement of the structure relative to the surrounding medium. Level of this
damping depends mostly on the ambient gas pressure and the structure
shape [26]. For simplification, we assume that only the seismic mass is
affected by this type of loss, as its maximum speed of vertical movement is
higher than that of the beam.

e Structural (hysteretic) damping that introduces a force proportional to the
deformation amplitude. In the presented model, the quality factors of all
materials are defined separately and result in a global quality factor of the
structure when combined. The quality factor of monocrystalline silicon is
equal to 2-10° [26] and that of the PZT layer is equal to 135 [35].
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e Compression losses linked with compression of air between the mobile
structure and fixed surfaces. In the analyzed case, for atmospheric pressure
and the closest surfaces 500 wm away, the associated quality factor is equal
to 49 x 103 [26].

e Clamping losses linked with energy radiation into substrate through clamp-
ing. The calculated quality factor of the structure linked with this type of
loss is equal to 1.8-10° [36].

¢ Thermoelastic losses linked with heating of the structure and heat-related
strains. In this case, the time of thermal relaxation of the structure is much
smaller than the period of vibration. Using the Zener model [37] the quality
factor linked with this type of loss is equal to 26 x 10°.

* Dielectric losses in the piezoelectric material linked to electrical dipole
mobility. This type of loss is usually very important in piezoelectric materi-
als [18].

Due to small influence, the clamping, compression, and thermoelastic losses have
been neglected in further modeling.

System DYNAMICS

Equilibrium of bending moments M (x,7) acting on the beam is used to determine the
expression of the beam curvature K(x,7), defined in Equation 11.17.

_9*w(x,1)

=52 (11.17)

K(x,1)

The external forces acting on the beam are induced by the vertical movement of
the seismic mass m (mass of the beam is neglected) and by the mass moment of iner-
tia of the seismic mass J;,, as shown in Equation 11.18.

2 ..
M, (0= (0= ina) (L =2) = 20800 (L1Y)
B B

As depicted in Figure 11.10, w,(?) is the displacement of the seismic mass center
of gravity, a,,(?) is the applied acceleration, and 6(f) is the angle of rotation of the
seismic mass. Both 0(f) and J,, are relative to the attachment of the seismic mass to
the beam. The bending moment of the beam, relative to the neutral axis, is given by
Equation 11.19.

2 23 s
M, (x,1)= K(x,t)[YffJ 22 dz+ Y,ffJ. 2dz+ Y,ﬁfj Z2 dz}

7 2 %

+YR(x, z)_rgz dz+ et j “Ey(z,1)2dz (11.19)
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Equation 11.19 can be simplified using the constitutive Equation 11.16 to obtain
Equation 11.20.

Pess
h

P

M, (x,1) =K(x,0)Dg — u(t) (11.20)

The equivalent rigidity of beam D, is defined in Equation 11.21, and u(?) is the
voltage generated between the electrodes.

Dg

Yef R 5 Ybef s R Ytef Zi _ Zg (eef )2 eef BZ
— s — 3+ e _ + e Ye[ + 31» _ 533
3 (ZZ & ) 3 (Z3 ZZ) 3 3 P egg h

P

(22 -z3)+
(11.21)
Equation 11.22 is obtained by combining Equations 11.18 and 11.20.

i
ByDg

K(x,1) = 0(t) + Eu(r) (11.22)

J—Dg(am ()= ii0)) (L= x) -

By performing double integration on Equation 11.22 with proper initial condi-
tions, expression 11.23 of deformation w(x,?) of the beam is obtained.

S A (1)) m—J,8 ST
W(xat)—m 3 @, (1) = Vo () )m — J0(z) +§u(t)7 (11.23)

By taking w,(f) = w(L,?) and approximating 0 = tan 6, Equations 11.24 and 11.25,
representing the electromechanical coupling of the structure studied, are obtained.

B,D, 7 .
mypo(1) + Mo (1) + quG[Wif:) —%(LB +Ly )u(t)} + 5o (La+ Ly |6(t) = may, (1)

eq

(11.24)

Lyi(t)+ %um +BO(H) =0 (11.25)

Auxiliary variables f3, &, and L., are developed in the appendix.

MODELING REsuLTS

In order to obtain the presented results, the model was evaluated using the Maple™
10 software. In all the numerical examples, the structural layer and the seismic mass
are made of silicon. The piezoelectric layer properties are equal to those of PZT-4
piezoelectric ceramic, pooled in the thickness direction, which is close to the
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properties of the thin-layered PZT used in MEMS [12]. The top electrode is made of
gold. The bottom electrode is neglected in modeling due to its low thickness (100 nm)
and its proximity to the neutral axis. The dimensions of the analyzed structure are as
follows. The beam width and length are equal to 400 wm, the top silicon layer thick-
ness is 10 um, and the piezoelectric layer thickness is 1 pm. The mass height and
length are 400 pm and the mass width is equal to 410 um. The top electrode covers
the entire surface of the beam and is 400 nm thick. An acceleration of 10 ms= is
applied to evaluate the output power.

CompARIsON WITH FEM

Traditional approach to modeling complex electromechanical structures involves the
use of models created using the FEM. Despite their accuracy, FEM does not provide
a means for efficient structure optimization and the influence of various parameters
is often difficult to evaluate. Nevertheless, FEM models are a good source of refer-
ence when experimental results are not easily available. In order to verify the valid-
ity of the presented model, the analytical results were compared with FEM simulation
performed using the ANSYS™ 9 software. The Solid226 20-node coupled field ele-
ments were used for the piezoelectric layer, the Solidl86 20-node structural solid
elements were used for the silicon layer, and the ShellI8] 4-node finite strain shell
elements were used for the top electrode. For simplification, dielectric losses were
neglected in FEM simulations and in the analytical analyses that were used for
comparison.

In order to compare the analytical model with FEM, a set of simulations was
performed. Harmonic FEM analyses were performed for a set of resistive load values
connected between the electrodes in order to identify the optimal load value. The
maximum value of power was noted along with the corresponding excitation fre-
quency for each load value. The sparse solver was chosen for its robustness and
efficiency [38]. The resonance frequency of the structure calculated with the
analytical model was equal to 1268 and 1208 Hz for the FEM simulation (5%
discrepancy). Figures 11.12 and 11.13 compare results of analytical modeling and
FEM simulation, respectively, for the power dissipated on an optimal load resistance
and the optimal resistance values as functions of the circular frequency ratio for
three values of viscous damping.

Both the resistance and power values are in good agreement, while there is a dis-
crepancy in the frequency values; the difference between the resonance and the anti-
resonance values (indicating the coupling of the structure) is higher for the analytical
modeling. It can be explained by the simplifications made in the beam representa-
tion, mainly by the uniform strain assumption. An attempt to precisely model the
clamping conditions without the uniform strain assumption would greatly compli-
cate the model [33], and, therefore, is not attempted.

The presented comparison of the analytical model with the FEM shows that, in
spite of the slight differences in the numerical values resulting from simplifications
made, the influence of various parameters is well represented and the behavior of the
energy-harvesting structure can be understood through analysis of the analytical
model.
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FIGURE 11.12 Power generated on an optimal resistive load versus excitation frequency
(expressed as circular frequency ratio) for three levels of viscous damping calculated with the
analytical model (analyt) and obtained through finite-element method simulation.
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FIGURE 11.13 Optimal resistance values as a function of the excitation frequency
(expressed as circular frequency ratio) for three values of viscous damping calculated with
the analytical model (analyt) and obtained through FEM simulation.
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COMPARISON WITH EXPERIMENTAL DATA

Comparison with experimental data is the ultimate validation of the model accuracy.
Nevertheless, given the limited precision of the MEMS technology, not the design
parameters of structures but rather the ones extracted from actual manufactured
devices should be used (Table 11.5). Variation of the following factors can influence
the properties of the manufactured devices:

e Layer thickness and its uniformity

* Material properties, contaminations, and imperfections

» Etching precision, including deep reactive ion etching (DRIE) underetch
e Mask misalignment and precision

e Sacrificial layer residue

As an example, Figure 11.14 presents an SEM image of an MEMS piezoelec-
tric energy harvester with a significant underetch of the seismic mass. This fact,
arising from improper tuning of the DRIE process parameters reduces the seis-
mic mass size and thus increases the resonance frequency of the device. Finally,
proper measurement techniques should be used taking into account all the con-
nections and parasitic capacitances. For example, in the presented case, the top
silicon layer was highly conductive and grounded. Thus, parasitic capacitances
created by the contact pads (equal to 20 pF), whose values were extracted from
additional test structures on each chip, were taken into account during model
verification.

A set of MEMS devices was fabricated to verify the accuracy of the model. The
measured resonance frequency of one of the fabricated devices was equal to
1368 Hz (at 0.2 g) compared to 1364 Hz obtained from simulation using the
extracted values, proving the model accuracy. Also, both the experimental verifica-
tion and the modeling results indicate that a resistive load of around 650 kQ

TABLE 11.5
Extracted Parameters of the Microelectromechanical System
Energy-Harvesting Device Used for Model Validation

Parameter Description Value
L, Beam length 400 pm
H, Mass thickness 530 um
H, Top silicon layer thickness 9.94 um
H, Piezoelectric layer thickness 0.91 um
o, Quality factor of the piezoelectric layer 120

tan & Dielectric losses ratio le-3

¢ Viscous damping ratio 2.5¢-3
h,, Top electrode thickness 0.56 um
R Electrical load value 650 kQ

C Parasitic capacitance of contacts 20 pF
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FIGURE 11.14 Underetch of a piezoelectric microelectromechanical system energy
generator.

provides the highest power output. Figure 11.15 presents the values of voltage
(amplitude) and power generated by the device, obtained with the analytical model
and extracted experimentally at positive frequency sweep. A very good match is
evident for lower acceleration levels, while for higher accelerations nonlinearities in
the mechanical behavior of the device (not taken into account in the analytical
model) induce an error. Further discussion on nonlinear behavior of piezoelectric
MEMS devices can be found in Reference [39].
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FIGURE11.15 Comparison of the experimental results obtained with a piezoelectric micro-
electromechanical system energy harvester (Exp) with the modeling results obtained with the
analytical model (Mod).

www.EngineeringBooksPdf.com



Vibration Energy Harvesting with Piezoelectric MEMS 305

OPTIMIZATION OF THE STRUCTURE

The analytical model can be used to optimize the geometrical structure of the har-
vester. In order to perform the optimization, the variables have to be identified. If the
device is to be fabricated from a standard SOI wafer, the thickness of the seismic
mass can be assumed to be equal to 500 um. In order to keep a good uniformity
DRIE all over the wafer, the minimum spacing between vertical walls may not be
smaller than 400 pum. This restriction defines the minimal beam length. The maxi-
mum length of the structure was constrained to 1.2 mm. The modeling results of the
one-dimensional model indicate that the seismic mass should be the biggest possible,
and so the beam should be 400 pum long and the mass would therefore be 800 um
long. Furthermore, in order to prevent twisting of the structure the beam should be
the widest possible, that is, equal to the mass width. In this case, the structure width
becomes irrelevant in optimization and is arbitrarily chosen as equal to 800 um. All
these restrictions leave us with variables linked with the layer thicknesses. The
piezoelectric layer thickness is defined by the deposition process. Usually, in order to
achieve a crack-free layer with good uniformity, the piezoelectric layer thickness
should be between 1 and 4 wm [12]. The silicon layer thickness should not be lower
than 5 um for reliability purposes. The top metalization layer thickness should be as
thin as possible (inactive layer with low quality factor), but thick enough to be reli-
able and permit wire bonding. The minimum thickness of the chromium-gold layer
was set at 400 nm.

The analytical model can be used to evaluate the power generated on an optimal
load for different configurations of device dimensions, varying the ratio n of the
piezoelectric layer thickness to the silicon substrate thickness. The resonance fre-
quency is kept equal to 1 kHz by adjusting the substrate thickness for each dimen-
sion set. Figure 11.16 presents the output power generated on a matched resistive
load at resonance versus 1 for different quality factors of the piezoelectric layer at
a fixed viscous damping ratio of 0.1% and applied acceleration of 10 ms=. The
piezoelectric layer thickness (/,) and silicon layer thickness (h,) are shown as well.
The optimal thickness ratio results from interaction of two factors: the device
capacity increases with the decreasing thickness of the piezoelectric layer, which
limits the output power. On the other hand, the piezoelectric layer has a much
lower mechanical quality factor than the monocrystalline silicon substrate.
Therefore, by decreasing the piezoelectric layer thickness (the resonance frequency
is kept constant by increasing the silicon layer thickness) the overall quality factor
of the structure increases and so does the generated power. It can be seen that the
quality of the piezoelectric layer strongly influences this relation. While for a low-
quality piezoelectric layer (y=0.05) the generated power decreases rapidly after
reaching an optimum at n = 0.006, for a perfect piezoelectric layer the generated
power remains almost constant (limited by viscous damping at 0.1%) after the first
maximum and falls because of displacement of the neutral axis into the piezoelec-
tric layer and not because of the global quality of the structure. This statement is
in agreement with the general conclusion from modeling that for strongly coupled
structures (with two power peaks) the output power can only be increased by
decreasing losses.
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FIGURE 11.16  Analytical modeling results of the output power generated at resonance on
a matched resistive load versus the ratio between the piezoelectric layer thickness (PZT-4)
and the silicon substrate thickness for different quality factors of the piezoelectric layer 7y at
input acceleration of 10 m s=2.

The analytical model presented in this section shows very good accuracy in predict-
ing performance of piezoelectric MEMS energy harvesters. Nevertheless, the piezo-
electric MEMS structures are strongly coupled, which means that their mechanical
behavior is highly influenced by the electrical circuitry connected to it. Therefore, in
order to correctly predict the performance of the system, a complete model including the
electrical energy processing component should be created. The next section presents
such a model created using an analog hardware description language, VHDL-AMS.

COMPLETE SYSTEM MODELING

As discussed in the previous sections, a piezoelectric generator is a complex elec-
tromechanical structure. Furthermore, the generated energy has to be rectified and
regulated in order to be used by the client electronics. Not only is modeling of the
complete system composed of the MEMS device and the AC/DC and DC/DC elec-
tronics a very challenging task, but also, additionally, a system designer needs easy-
to-use models that capture the essential behavior of the system, allow for efficient
optimization, and accurately predict the influence of design modifications [40].
Usually, physical and geometrical parameters of the energy-converting devices are
only considered at the very low level of the design flow, typically using simplistic
analytical models or FEM tools. Therefore, a designer using this methodology
needs to perform separate simulations of mechanical and electrical parts of the
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system which delivers incorrect results in the case of strongly coupled systems.
Recently, advances in analog hardware description languages (A-HDL) enabled the
creation of complex mixed signal models that can be used to provide fully simu-
lated electromechanical designs. Furthermore, less advanced users can limit them-
selves to using a library of models, while others can concentrate on specific
components to be simulated on different levels of abstraction. To this end, a signifi-
cant amount of research has been done covering the subject of multidomain simula-
tion using VHDL-AMS [41,42]. Only recently, complete strongly coupled models
with various types of damping have been introduced [24]. Furthermore, MEMS
processes are characterized by limited accuracy and material parameter variations,
which induce fluctuations in device characteristics and performance. Therefore,
efforts are made to balance the effects of those variations already at the design
phase to avoid or at least minimize the much more costly improvements of the
manufacturing process. To reach this goal, a robust methodology should be capable
of producing models that are accurate enough to be predictive, but simple enough
not to extend the time to market of the product. In order to accomplish that, a statis-
tical analysis can be performed using A-HDL to assess its sensitivity to process
fluctuations.

There are multiple hardware description languages that could be used to perform
simulation of an electromechanical system. In our study, we chose to use VHDL-
AMS governed by the IEEE-1076.1 standard for its powerful equation notation capa-
bilities provided by simultaneous statements and free quantities. The reader is invited
to consult References [24] and [41] for further comparison of A-HDL tools.

This section discusses an example VHDL-AMS implementation of the mixed-
signal electromechanical model of the piezoelectric energy generator presented in
the previous section connected to an electrical processing circuit. As will be shown,
the use of hardware description languages gives further advantages such as the abil-
ity to perform transient and statistical analysis.

DesigN FLow

In the presented example, the energy-harvesting generator is connected to a power-
processing circuit, and so the model must be pin-compatible with the electric net-
work. In order to secure reusability of the created model, a generic interface with all
parameters that can be useful for a potential future user should be established. In
such implementation, even a basic user can modify system parameters to adapt it to
his or her needs, similarly to models of electrical components. Furthermore, the
model should correctly handle the widespread values in MEMS; for example, nano-
meter displacement compared with gigaPascal stresses in the materials. Figure 11.17
presents the major steps that should be taken during model creation. First, a repre-
sentation of both the electromechanical elements and the purely electrical elements
has to be established using the VHDL-AMS notation. Then, the model accuracy has
to be adjusted in order to address the trade-off between precision and simulation
time to suit the needs of the user. Subsequently, sensitivity of the model on parameter
variation can be evaluated. Finally, the results obtained with the model should
be compared with actual experimental results using parameters extracted from
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Describe the analytical model of Create VHDL-AMS
the electromechanical structure model of electrical
using VHDL-AMS components
v

‘ Adjust model accuracy versus ’

simulation time

v

‘ Perform sensitivity analysis to assess ’

influence of process variations

v

[ Characterize fabricated devices ]
v

Compare modeling results with
experimental data

v

Is accuracy
satisfactory?

[ Create reusable module ]

FIGURE 11.17 Flowchart presenting major steps in creation of an analog hardware descrip-
tion language model.

fabricated structures. If the accuracy of performance prediction is sufficient, the
model may be transformed into a reusable module and deployed for use. If accuracy
is not satisfactory, the model should be adjusted accordingly.

MobDEL DEFINITION

1. Model interface: The first step in model creation consists of identifying
the model parameters. This step is critical, as it sets the degree of reus-
ability of the model and defines the interface used by nonexpert users
who want to optimize their structures without understanding how the
model works.

2. Predefined packages: 1EEE provides multiple libraries that can be
reused in a custom-created model. Electrical and mechanical systems
are covered along with physical constants and mathematical packages
that provide common complex functions and constants.

3. Model parameters: Parameters of the model are described as constants
in the ENTITY section of the model code.

4. Port interface declaration: Two choices are possible: conservative flow
or signal flow. In cases where an electrical system is to be connected to
the model, the conservative flow interface has to be used. Each connec-
tor must be associated with a mechanical or electrical discipline. In the
presented example, the input to the generator (external acceleration
amplitude and frequency) is mechanical and the outputs are purely
electrical.
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5. Variable declaration: Subsequently, through (e.g., current, force) and
across (e.g., voltage, displacement) variables used in the model are
defined as branch quantities. The declared quantities have to be pin-
compatible with the definition of the electrical part of the system in order
to allow reusability. The free quantity definition can be used to imple-
ment complex variables.

6. Constitutive equations: As described in the previous sections, the cou-
pled electromechanical behavior of the structure is described using cou-
pled differential equations. Two domains are modeled: the initial
conditions (QUIESCENT_DOMAIN) and the normal operation of the
system (time or frequency domain) [43]. The initial conditions imply that
the structure is immobile and with no charge on the electrodes.

In order to include losses in the model, and at the same time keep the electrome-
chanical model pin-compatible with the electrical part of the system, free intermedi-
ate quantities are used. As presented in the previous sections, the damping is
represented as an imaginary part of appropriate values. Therefore, the associated
quantity can be defined using a complex number defined in the math_complex pack-
age as a set of two elements of type real. The complex free quantities are used in the
equations in the model of the electromechanical system. Then, branch quantities are
assigned to the real parts of the free quantities and declared as outputs to interface
with the rest of the system. It has to be noted though that this method can only be
used with sinusoidal signals. The reader is invited to consult works by Boussetta
et al. [24] for complete code examples representing a piezoelectric power generator.

EvALUATION

In order to demonstrate the interest of implementing the model using VHDL-AMS,
simulation time using various tools was compared. In the first step, the model was
implemented with PZT piezoelectric material and viscous damping of 2%. The
model was implemented both in Maple and Smash™. As long as the results obtained
were identical (the model is the same), the simulation time for VHDL-AMS was
equal to 10 ms compared to 1 s for Maple. Furthermore, VHDL-AMS allows an easy
extension of the modeled system with electrical components. The same is theoreti-
cally possible, but much more complex and thus not practically realizable, with the
purely analytical model. Furthermore, time-domain simulation is easy to perform
using the VHDL-AMS implementation.

PROCESS VARIATION

A model implemented using VHDL-AMS can be used to assess the sensitivity of the
system on parameter variations. If the variations are assumed to be uncorrelated and
have Gaussian distribution, the Monte-Carlo analysis can be used. The presented
model was implemented using a set of parameters resulting in a structure with reso-
nance frequency equal to 1 kHz, an arbitrary load value of 5 M{2, and an input accel-
eration value of 0.2 g. Monte-Carlo analysis was performed assuming parameter
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FIGURE 11.18 Results of Monte-Carlo simulation of parameter dispersion of the piezoelec-
tric energy harvester. The output power dissipated on a 5 MQ at 0.2 g versus the resonance
frequency is represented for simulation and experimental testing of manufactured devices.

dispersion of 5% around the nominal values for a standard process, and dispersion of
2% representing a robust process. Figure 11.18 shows simulation results of the dis-
persion of resonance frequencies and the corresponding generated power levels com-
pared with experimental results. This kind of analysis is especially important in case
of resonant structures, where the transducer devices are designed to match their
resonance frequency to the dominating frequency in the environment. If process
variations are high, the resonance frequency of the resulting device may deviate
from the designed value which would significantly reduce its performance.

CONCLUSION

This chapter discussed harvesting of the energy of ambient mechanical vibrations
using piezoelectric MEMS devices. In order to take full advantage of the energy
present in the environment, the harvesting devices have to be small and inexpensive.
MEMS technology can enable this through creation of arrays of microscopic piezo-
electric transducers that would be directly integrated with the electronic systems that
they power. We presented two models designed to help understand how various fac-
tors affect the process of energy harvesting. The first one is a general model of a
unidimensional mass—spring system with a piezoelectric element, and the second
one is a model of a specific cantilever beam structure, common in MEMS implemen-
tations of piezoelectric energy harvesters. Implementation of the cantilever beam
model using VHDL-AMS was also discussed to highlight the advantages of global
simulation of the entire system, that is, the highly coupled electromechanical struc-
ture connected to the purely electrical energy processing circuitry. The modeling
results were contrasted with FEM simulation and the experimental results obtained
with microfabricated devices. The presented analysis demonstrates that the efficiency
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of ambient energy harvesting can be greatly improved when the structures and the
power processing circuitry are properly optimized.

APPENDIX

List of Symbols and Their Units

Symbol Meaning SI Unit

E, Electric field component along the i axis Vm!

D; Electric displacement field component along the i axis Cm™

Y() Vertical movement of the frame in the one-dimensional model m

M Seismic mass value kg

R Electrical load resistance Q

A Viscous damping coefficient Ns m™!

Y, G, tan & Structural, viscous, and dielectric damping ratios, respectively 1

0] Quality factor 1

Ky, k Spring constants: ideal and including the structural losses Nm™!

C,, C Capacitance of the piezoelectric element: ideal and including the F
dielectric losses

u(t) Electrical potential difference v

T; Mechanical stress component along the i axis Nm™!

S; Mechanical strain component along the i axis 1

Cpg Elastic stiffness constant Nm™

e, Piezoelectric constant Cm?

€; Permittivity component Fm™!

o) Angular frequency rad s™!

Oper Opres Angular frequency of resonance (zero susceptance) and rad s
antiresonance (zero reactance), respectively

a, Neutral axis location from the bottom surface of the beam m

Py By Pies Thickness of the top electrode, the piezoelectric layer, the bottom M
electrode, and the silicon layer, respectively

Y Y, Effective rigidity of the top electrode, the piezoelectric layer, the Nm™

Yo,y bottom electrode, and the silicon layer, respectively

w(x,1) Deformation of the beam at location x and at time ¢ m

w(t) Displacement of the seismic mass relative to the frame in the m
one-dimensional model

w,(1) Displacement of the seismic mass center of gravity m

0 Angle of rotation of the seismic mass relative to the attachment of rad
the mass to the beam

a, (1), A, Input acceleration and its amplitude ms™

By, Ly Beam width and length, respectively m

B,,H,, L, Mass width, height, and length, respectively m

Auxiliary variables
(,;_ €§§|3 sy kg m? A
e [2h¥ +2h, +h,| me s AT ke
2 m2
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BACKGROUND

It is commonly accepted that with increasing technology and society’s ever-growing
consumption of energy, nonrenewable sources of energy could soon be exhausted. In
an effort to investigate alternate sources of energy to meet societal demands, research
in the past few decades has focused on using alternate forms or renewable resources,
such as optical, solar, tidal, and so on. Many companies in the United States, Europe,
and Japan are steadily involved in this area with a strong business case for energy
scavenging from ambient sources in the future. Many energy-harvesting concepts
are already available such as a self-reliant house and a camel fridge, powered by
solar energy for operation. Previous studies have successfully shown that energy can
be reclaimed from renewable sources such as solar and tidal energy (Saraiva 1989).
Solar cells are an existing technology extensively used in self-powered watches, cal-
culators, and rooftop modules for houses. Even though renewable sources can serve
as a substitute for the usual power supply resources, energy is still wasted in the form
of heat, sound, light, and vibrations that can be further reclaimed, at least partially,
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for future use. For example, thermal energy was generated from a 0.75 X 0.9 cm?
bismuth—telluride thermoelectric junction to produce 23.5 uW for a temperature dif-
ference of 20 K (Stark and Stordeur 1999). Qu et al. (2001) designed and fabricated
a thermoelectric generator, 16 X 20 X 0.05 mm?, consisting of multiple micro antimony—
bismuth (Sb-Bi) thermocouples embedded in a 50 wm epoxy film capable of produc-
ing 0.25 V from a temperature difference of 30 K. Kiely et al. (1991) designed a
low-cost miniature thermoelectric generator consisting of a silicon-on-sapphire and
silicon-on-quartz substrate. Another thermoelectric power generator based on sili-
con technology produced 1.5 uyW with a temperature difference of 10°C (Glosch
et al. 1999). However, in applications where light and thermal energy are not readily
available, alternate sources such as mechanical energy offer a good alternative.

Initially, efforts in energy harvesting from vibrations largely focused on human
ambulation (Starner 1996) such as breath, heel strike, limb movement, and so on that
are useful sources for powering artificial organs (Antaki et al. 1995) and human
wearable electronic devices. Subsequently, Kymissis et al. (1998) and Shenck and
Paradiso (2001) designed two novel shoe-mounted piezoelectric devices to harness
power during heel strike. This could replace or extend the lifetime of conventional
portable batteries currently restricted by energy limitations, shelf life, and potential
hazards due to chemicals especially for prolonged usage.

SELF-POWERED SENSORS

The development of self-powered sensors has enabled implantation of these devices
into various host structures, such as medical implants and embedded sensors in
buildings and bridges (Mehregany and Bang 1995). Many of these applications
require that the devices be completely isolated from the outside world. These remote
devices, along with their accompanying circuitry, have their own power supply that
is usually powered by batteries. The strides achieved in battery technology have not
sufficiently matched the improvements in integrated circuit technology. Therefore,
developing a microscale self-contained power supply offers great potential for appli-
cations in remote systems.

The need for self-contained power generators for “self-powered systems” is an
important application for energy harvesting, and is rapidly gaining widespread
importance (Shenck and Paradiso 2001). Self-powered systems possess an inherent
mechanism to extract power from the ambient environment for their operation. The
primary features of self-powered systems include power generation, energy extrac-
tion, and storage.

Meso-scale energy-harvesting approaches include rotary generators (Lakic 1989),
a moving coil electromagnetic generator (Amirtharajah and Chandrakasan 1998),
and a dielectric elastomer with compliant electrodes (Pelrine et al. 2001). Single
piezoelectric cantilevers (Ottman et al. 2002) and stacks (Goldfarb and Jones 1999)
have been investigated for energy-harvesting capabilities but were not operated in a
stand-alone, self-powered mode. Another source for power harvesting is mechanical
energy from fluid flow. Taylor et al. (2001) designed an energy-harvesting eel that
was approximately 1 m long using a piezoelectric polymer to convert fluid flow and
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vortex-induced strain to generate power. In addition, Allen and Smits (2001) investi-
gated the feasibility of utilizing a piezoelectric membrane in the wake of a bluff body
to induce oscillations in the structure generating a capacitance build-up that acts as
a voltage source to power a battery in a remote location. Power generation from
ocean waves has also been investigated involving very large-scale piezoelectric gen-
erators (Smalser 1997).

VIBRATION TO ELECTRICAL ENERGY CONVERSION

Let us now look at a simple schematic of a power generator based on conversion from
vibration to electrical energy, as shown in Figure 12.1. The device consists of a
spring—mass—damper system acting as a single-degree-of-freedom system with an
input vibration that results in an effective displacement z(7).

The following equation is used to represent the behavior of the above system that
basically converts the kinetic energy of a vibrating structure to electrical energy by
virtue of the relative motion between the base and the inertial mass.

MZ+Rz+Kz=-My (12.1)

where z is the relative deflection, y is the input displacement, M is the inertial mass,
K is the spring constant, and R is the effective damping in the system that accounts
for mechanical and electrical losses. The above model does not include nonlinear
effects and is thus valid only under the constraints of the linear system theory. It also
does not specify the electromechanical transduction mechanism with which the
kinetic energy is converted into electrical power.

Mass
Spring, K displaced
z(t)
Mass, M rilpistarin M

Damping, R
(mech + elec)

Input vibration

()

FIGURE 12.1 Schematic of a typical vibration to electrical energy converter.
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Vibrational energy reclamation can be achieved conceptually using different
transduction mechanisms such as electrostrictive coupling (Uchino et al. 1980), elec-
tromagnetic (Hanagan and Murray 1997) and electromechanical coupling (Lee
1990). Among the common linear energy-conserving transducers, the widely used
electromechanical transduction mechanisms for energy harvesting involve elec-
tromagnetic (specifically electrodynamic), electrostatic, and piezoelectric phe-
nomenon. Electromechanical transducers are classified based on force generation
due to the interaction between electric field and charge or magnetic field and current
(Hunt 1982) and are commonly represented using equivalent circuits with lumped
elements.

Roundy et al. (2003) discuss the theoretical maximum and the practical maxi-
mum for the energy densities of various transduction mechanisms, namely piezo-
electric, electrostatic, and electromagnetic. The expressions were obtained from
basic governing equations of each of the materials using maximum yield stress for
the piezoelectric, the electric field for capacitive, and the maximum magnetic field
for electromagnetic materials as the respective upper limits. The results indicate that
piezoelectric materials possess a practical maximum energy density of 1.77 mJ/cm?,
which is almost four times that of the other transducers. A brief summary on these
three energy-harvesting applications is provided next.

In 1996, Williams and Yates designed an electromagnetic generator (5 mm X
5 mm X 1 mm) that had a predicted power output of 1 yW at 70 Hz and 0.1 mW at
330 Hz for an input vibration amplitude of 50 um. In 1997, Shearwood and Yates
designed an electromagnetic generator based on a polyimide membrane 2 umm in
diameter that could generate 3 UW of root mean square power at a resonant fre-
quency of 4.4 kHz. Another electromagnetic generator was developed by El-hami
et al. (2001) which consisted of a magnetic core mounted on the tip of a steel beam.
For an overall device volume of 0.24 cm?, an output power of 0.53 mW from a 25 um
input displacement at 322 Hz was produced. In 2000, Li et al. presented a micro-
machined generator that had a permanent magnet mounted on a spring structure and
generated 10 uW at 2 'V DC for an input vibration amplitude of 100 um at 64 Hz
from a volume of 1 cm?.

Electrostatic transduction is the conversion of energy that is produced by varying
the mechanical stress to generate a potential difference between two electrodes. An
example of this transduction is a simple parallel plate capacitor. In electrostatic
transduction, a relative deflection induces charge between the electrodes that can be
converted to power. For example, at the microscale, a microelectromechanical sys-
tem variable capacitor has been designed and fabricated to harvest vibrational energy
with a chip area of 1.5 X 1.5 cm? and a reported net power output of approximately
8 uUW (Meninger et al. 2001).

PIEZOELECTRIC ENERGY HARVESTING

Applying an external electric field across the piezoelectric material induces a
mechanical strain in the material, called the “piezoelectric effect.” Conversely, when
the piezoelectric material is mechanically deformed, the resulting strain produces a
voltage. Materials with good piezoelectric properties possess high coupling
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between the mechanical and electrical domains. This effect can be generated using
piezopolymers, such as polyvinyledene fluoride, or piezoceramics, such as lead
zirconium titanate (PZT), zinc oxide, aluminum nitride, and barium titanate. For a
typical piezoelectric patch, the electric field is often applied vertically across its elec-
trodes, resulting in axial bending stress according to the linear beam theory.
Rewriting the constitutive equations that govern the energy-harvesting beam to
express the tip deflection in the beam, w, and the charge, ¢, accumulated in the
piezoelectric layer as functions of applied voltage, V, and/or force, F, results in one-
dimensional governing equations

w=C, F+d,V (12.2)
and

g=d,F+C,V, (12.3)
where C,, =w/F ‘V:O is the short-circuit compliance, C,; = g/ V‘ . 18 the free electri-

cal capacitance, and d,, =w/ V‘ - 1s an effective piezoelectric constant.

Umeda et al. (1996) designed a piezoelectric generator based on impact energy
from a freely falling steel ball on a membrane, generating 5 V at 35% efficiency.
Ramsay and Clark (2001) proposed a device for bio-microelectromechanical system
applications that consisted of a square PZT-5A plate connected to the blood pressure
on one side and a chamber with constant pressure on the other. Preliminary results
reported an output power of 2.3 UW from a 1 cm X 1 cm X 9 um plate. It was also
reported in their work that the device has a mechanical advantage in converting
applied pressure to working stress for piezoelectric conversion, when it functions in
the 31-mode than in the 33-mode. White et al. (2001) designed a thick-film piezoelec-
tric composite beam structure that generated 3 UW of power at 90 Hz from ambient
vibrations. Their further work made use of a tapered beam design to ensure constant
stress distribution to produce 2 uW at 80 Hz for a maximum amplitude of 0.9 mm
across an optimal resistive load of 333 kQ. In 2004, James et al. investigated two
applications for two self-powered sensors, namely a liquid crystal display and an
infrared link to transmit the data output. The required energy for the prototypes was
derived from a 0.17-0.23 g vibrating source at 102 Hz. Hausler and Stein (1984)
proposed a device that basically consisted of a roll of polyvinyledene fluoride mate-
rial that can be attached between body ribs to harness power from regular breathing-
induced strain in the material. It was tested on a dog by surgically implanting the
device, generating microwatts of power from the breathing.

In 2004, Roundy and Wright designed a piezoelectric vibration generator consist-
ing of a cantilever bimorph bender with a proof mass at its end. Their design was
aimed at generating enough energy from 1 cm? to power a 1.9 GHz radio transmitter
from the same vibration source. Their design was predicted to produce 375 uW from
a vibration source of 2.5 m/s? at 120 Hz. Sood et al. (2004) developed a piezoelectric
micropower generator that is based on a piezoelectric layer deposited and patterned
on a membrane consisting of SiO, and SiN,, followed by a ZrO, diffusion barrier.
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TABLE 12.1

Vibration-Based Energy Harvesters Characterized for Power

Reference Ambient Source Size or Mass Power

Sood et al. (2004) 10 g at 13.9 kHz 170 um x 260 um 1.01 uW

Shearwood and Yates 500 nm at 4.4 kHz 2.5 mm x 2.5 mm x 700 pum 0.3 uW
(1997)

Meninger et al. (2001) 500 nm at 2.5 kHz 500 mg 8 uw

Li et al. (2000) 100 um at 64 Hz 1 cm? 10 uW

Roundy et al. (2003) 0.25 g at 120 Hz 28 mm X 3.6 mm X 8.1 mm 375 uW

White et al. (2001) 0.9 mm at 80 Hz 22 uW

Marzencki et al. (2005) 0.5 g at 204 Hz 2 mm X 2 mm X 0.5 mm 38 nW

El-hami et al. (2001) 25 um at 322 Hz 0.24 cm? 0.53 mW

Ching et al. (2002) 200 um at 60-110 Hz I cm? 200-830 uW

Stark and Stordeur (1999) AT=20K 67 mm? 20 uW

The two electrodes for the PZT layer are formed using an interdigitated top electrode
with Pt/Ti that makes use of the d;; mode to extract power. The maximum measured
power was 1.01 uW for an optimal load of 5 MQ and the corresponding voltage was
2.4 Vi (Jeon et al. 2005). Table 12.1 compiles the reported energy harvesters dis-
cussed here that generated power from vibration sources using different transduction
mechanisms. The columns list the authors and year of each study, the vibration
source (mostly resonant in nature), the size of the device, and the overall power
harvested.

Although considerable work and research is being carried out in the area of vibra-
tion-based piezoelectric energy harvesting, no commercially available products exist
that can directly be applied to practical applications. This chapter explains briefly a
fundamental understanding of energy-harvesting solutions and addresses some of
the basic concerns that when overcome can enable widespread customer adoption by
presenting a real-life wireless sensor application.

INTRODUCTION TO ENERGY HARVESTERS

The typical mindset regarding energy harvesting is that its specific function is to
provide power, generally in the range of kilowatts to megawatts that can be put back
in the electrical grid, for example, to power homes. This can be achieved only using
large-scale renewable energy-harvesting technologies such as solar panels, wind tur-
bines, hydrodynamic plants, and so on. Alternatively, when we explore “micro
energy harvesting,” the main function is not exactly to provide power, but to provide
information. These technologies (Beeby et al. 2006) are designed to power a new
microelectronics product class, called the autonomous wireless sensor nodes that
include low-power microcontrollers, radios, and advanced sensor technologies. The
end application dictates the storage option for the solution, which is determined pri-
marily by the duty cycle of the sensor transmissions, peak transmission current, tran-
sit time of the vehicle, and so on. It is essential for the product to include both the
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harvester designed for the environment, and appropriate electronics to meet condi-
tions where sensor transmissions are desired even during inactive periods of the
vehicle. Understanding the available energy source and the application requirement
is critical in designing the appropriate energy-harvesting solution. In this study, an
energy-harvesting solution was designed that is suitable for ground transportation
applications capable of generating energy from random vibration.

From a customer’s perspective, the goal of an energy harvester is to appear as a
battery and its primary value is in its never-dead condition. Even though an energy
harvester appears as a battery to the end user, there are some fundamental differ-
ences between the two. Batteries are typically characterized by energy density as
they are a storage media. However, they have a limited lifetime due to their finite
storage capacity. Alternatively, energy harvesters are characterized by power density
as they are a conversion medium although they have internal minimal storage
required to perform functions. Energy harvesters are truly functional only when they
are powering devices and they possess infinite lifetime as long as the ambient energy
source is available.

Figure 12.2 shows a comparison of power density (power per unit volume) of a
typical AA battery pack consisting of two cells and a candidate energy harvester. As
evident in the plot, depending on the deployment time, the advantage over using a
battery slowly shifts to the energy harvester. For example, a 2 mW generating energy
harvester has a significant advantage over a battery pack if the required product life-
time is one year or longer. In a more realistic situation, a 1 mW harvester, which is
achievable through good design tools, can outlast a battery pack in applications
beyond the 2—5-year range. These applications are the best-fit scenario for ambient
energy-harvesting technologies. If an application requires the device to be powered
for a week or two, batteries are still the better option as they can achieve higher
power densities for a short period of time. Examples include cell phones and other
handheld devices that can be recharged very often and the required lifetime is only
a few hours to days. Another factor of comparison is the cost of these devices.
Although energy-harvesting technologies offer significant value addition due to
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FIGURE 12.2 Understanding the difference between batteries and energy harvesters.
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labor, battery maintenance, and replacement costs, their price should be comparable
to batteries at higher volumes. Energy harvesters also lag in terms of their size and
mass, but with better materials and newer conversion technologies coming through,
they can become comparable to batteries in the long run.

ANATOMY OF AN ENERGY-HARVESTING POWER SUPPLY

A typical energy-harvesting power solution primarily consists of five constituent
parts. The ambient energy is converted first into its electrical equivalent in the
“power conversion” module. Second, the “power processor” module collects the raw
electrical signal and converts it into usable DC power. Next, the DC power is appro-
priately stored in a power storage device. This is followed by the power management
part that effectively maintains the thresholds and cutoffs in the electronics to main-
tain storage without leakage. Finally, the power delivery part is responsible for deliv-
ering the right amount of power and current to the actual application as necessary.
This part will account for startup currents, required voltage levels, and so on. All
these parts are shown in Figure 12.3 as a collective device that acts as a power supply
to the wireless platform. Providing only individual parts or just a collection of a few
parts is not a desirable solution for the end-user application, particularly if parts such
as management and delivery components need to be externally added.

Let us now look at some of the common energy sources that can be harvested to
power various wireless systems. The key applications for solar energy in wireless
systems are mainly in building automation using indoor lighting and in industrial
sensing, for example, in refineries where abundant outdoor sunshine is available. The
drawback in using solar energy is that the source is diurnal in nature and is com-
pletely unavailable during nighttime or in dark areas. Indoor lighting is not a consid-
erable energy source for harvesting and is only feasible in applications that do not
require frequent sensor information. Even thermal energy harvesting has applica-
tions in building automation, equipment with heat sources, and temperature differ-
entials. In addition, there are some applications in process management for supply

e - - Joule-Thief™ \\

Energy harvester Conversion electronics . i
q Energy-harvesting \

Mechanical energy Take raw electrical i :
Solar energy signal from harvester and solution i
Thermal energy \ convert it to a usable DC voltage :
RF ener !

8y !

( Energy storage . |

Receives energy from conversion Loy Gl !

I

electronics and stores it Regulates the output voltage and 1

(supercapacitors, thin-film current from the energy storage :

\ batteries, Li-Po batteries, etc.)

Application
Microcontroller + wireless radio

+ sensor platform

FIGURE 12.3 Simplified block diagram of an energy-harvesting power supply.
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chain and transportation markets. Vibration sources occur typically in transportation
and machinery condition monitoring. Some mechanical energy-harvesting applica-
tions are available in building automation where direct mechanical actuations, for
example, switches, can be harvested. Typically, in most applications for any given
environment, one energy source is dominant. Sometimes, it is desirable to harvest
from a combination of sources to leverage all available energy sources within the
application. For energy harvesting to fit in any application, the three keywords are:

1. Wireless: It is generally difficult to replace wired power applications
where line power supply is available. If the products are wireless, they
are typically powered by batteries with finite lifetime. Implementing
energy harvesting in these products, independent or in conjunction with
batteries, will extend the lifetime of the devices.

2. Remote: Energy harvesting is particularly useful in applications where
power is required in hard-to-reach areas. Replacing batteries in such
applications is labor intensive and generally expensive. Energy harvest-
ing offers potentially infinite lifetime, where these devices can be
deployed.

3. Sensors: Sensors are a perfect match for energy harvesting as they typi-
cally operate in the power ranges achievable by energy harvesters.
Furthermore, newer sensor technologies are being developed to be run
on battery power and, in many cases, the sensor information is not
required continuously. Energy harvesting is very useful in such asyn-
chronous mode operation where power requirements are lower.

EVALUATING CUSTOMER APPLICATION AND FIT FOR ENERGY
HARVESTING

Next, the process of selecting the right application and designing an energy-harvesting
solution is discussed, using a three-step process by evaluating a customer’s needs.
This process is a general guideline to establish the sweet spot for energy-harvesting
products and can be modified as required to suit specific user needs. A schematic of
the procedure is shown in Figure 12.4.

First, details about the end application are gathered which includes the power
requirement, energy consumption during transmission, and sleep functions. Other
data such as the ON time for the device, the quiescent power, and the frequency of
data transmissions are also useful. Once obtained, this information helps determine
whether the application is suitable for energy harvesting.

Next, the available energy sources within the environment (Roundy et al. 2003)
of the application are explored. Sources such as vibration, solar/light, or thermal
need to be evaluated and quantified to estimate the amount of total power that can be
harvested. In some cases, the combinations of sources can also be evaluated for
energy harvesting. If the ambient source is vibration, factors such as frequency and
amplitude content need to be studied. For example, fixed frequency vibration is com-
monly available for machinery condition monitoring applications. However, most



324 Optical, Acoustic, Magnetic, and Mechanical Sensor Technologies

Determine suitability
Application
Power specification

— Quiescent power
— Active power

Determines product

Environment

Vibration

— Fixed frequency or
random vibration

Determines interface
Power delivery
DC Voltage

<36Vor=25V?
1.8-4.0 V preferred

— Amplitude (g's/milli-g’s)

— Continuous or periodic
Current draw

> 200 mA burst
Startup current

Energy consumption
— Transmit and sleep time [}
— “Power on” duration

Thermal
Transient or constant AT
Heat sink/source

— Frequency of “power
on” Interface to system

Continuous current
Solat Duty cycle
Light intensity
Diurnal/continuous
exposure

Availability of source
Functionality during
“idle time”

FIGURE 12.4 Evaluation procedure for an application to determine fit for energy
harvesting.

vibration is random in applications such as transportation, buildings, and so on. If
the source is thermal, information about the temperature difference is required and
whether it is a steady state or a transient source. The thermal harvester efficiency is
dependent on the heat transfer design through the system, and, hence, it is critical to
understand the interface between the source and sink in this phase to effectively
maintain sufficiently large temperature differential across the generator. For solar/
light sources, information such as outdoor or indoor lighting needs to be gathered.
Factors such as location and orientation are absolutely critical in the harvesting
potential of the device. This process step enables the right choice for the harvester
product.

Finally, the power delivery information for the application needs to be obtained.
In this step, information on the required voltage levels for the sensors, current
requirements such as startup, quiescent, and so on need to be determined. Another
important factor to be considered is the duty cycle, which indicates the power
requirements while the energy source is absent. This is particularly true in vehicle
applications where they have considerable idle time during which no vibration is
available. Another example is solar energy which is available only during the day.
This information helps estimate the amount of auxiliary storage required to ensure
that the sensors stay powered. This step will determine the type of interface required
for the energy-harvesting solution.

In this study, the transportation market for vibration energy harvesting is investi-
gated using the above-discussed process. Applications include container/asset track-
ing using active radiofrequency identification (RFID), predictive health monitoring,
wireless sensors, and so on. The main need in these areas is to obtain real-time auto-
mated information about value assets. In addition, critical sensor data about process
control and materials during transit are essential to manage the transported goods
efficiently. The advantages of energy-harvesting solutions here are that they reduce
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the overall operating costs and cost of ownership by replacing batteries or elongating
the lifetime. They also improve security, protection, and convenience of assets dur-
ing transit. Furthermore, energy-harvesting devices are a permanent solution for her-
metically sealed applications and are highly reliable in extreme environments.

INSIDE THE ENERGY-HARVESTING MODULE

As described before, an energy-harvesting power supply forms the interface
between the available energy source and the end application. An energy-harvesting
power supply converts ambient mechanical energy sources and provides a two-wire
interface to the customer that can be connected to power their application.
Appropriate voltage and power levels are designed into the product to suit the appli-
cation. Inside the power supply, the Ruggedized Laminated Piezo (RLP®) smart
energy beam shown in Figure 12.5 forms the actual harvester element (Kasyap
et al. 2002). The RLP is prestressed through lamination to place the piezoelectric
material in a desirable stress state to allow for greater deflections and strain rates.
The shape and loading mechanisms are stress engineered to obtain an optimal
strain distribution in the ceramic. It is well known that a cantilever beam is the best
configuration for low-frequency vibration and they typically have a linear strain
relationship with length in a bending application. However, having a tapered beam
shape provides uniform strain in the beam as shown in this picture. The advantage
with designing for uniform stress is that it ensures that the whole ceramic is utilized
for energy harvesting. The moment-loaded beam configuration is an optimized
design for space and therefore increases the power density by three times compared
to the tapered beam design.

The next part is the conversion electronics that combine the conversion, manage-
ment, and delivery functions to power the application. Depending on the source,
whether it is solar, thermal, or vibration, the circuit processes the raw electrical sig-
nal and converts it into usable power. Typically, for solar and thermal sources, boost
converter topologies are widely used and are fairly efficient. However, the circuit
design for vibration harvesting is more complicated as maximum power transfer
occurs when the impedances match and it is difficult to dynamically track the output
voltages for random vibration to harvest at optimal levels. The voltage generated at
the RLP due to vibration can be processed using either passive or active electronics
collection techniques. The output of the circuit is a standard 1.8-3.6 V industrial

FIGURE 12.5 Uniform stress profiles on RLP smart energy due to shape and load
optimization.
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voltage with protection from overcharging and excessively discharging the storage
batteries/capacitors. Some wireless applications require high current pulses during
data transmission, for example, a wireless WiFi sensor node requires a peak current
of 200 mA, which is accommodated for in the circuit.

Finally, the energy storage element in the power supply module presents an array
of options to select from depending on the applications, ranging from traditional
capacitors to super caps and thin-film batteries to high-capacity Saft/Tadiran batter-
ies. The typical operating voltages for these storage devices vary from 1.5 to 4.2 V.
Consequently, the conversion circuit acts as a common platform across dissimilar
storage options, while maintaining the required voltage and current for the applica-
tion. Batteries/super caps are still the preferred solution in applications that consume
significant energy during startup and network association. Leakage is an unavoid-
able issue with super capacitors although they have an infinite charge/discharge cycle
time. Thin-film batteries are a good option for low-power applications where negli-
gible leakage is desired or in applications where the ambient energy source is absent
for an extended period of time.

COMMONLY ADOPTED WIRELESS PLATFORMS

After understanding the energy-harvesting power supply and its constituents, some
of the commonly implemented wireless platforms are investigated to establish suit-
ability for transportation logistics applications. Most of the commercially available
microcontroller/radio combinations are typically operated using IEEE802.15.4 and
802.11 protocols. They are commonly known as Zigbee and wireless WiFi. Other
wireless platforms exist that can be used for these applications, but are not explored
in this study. The ultra-high-frequency protocol, also known as the DASH7
(ISO18000-7) standard, is now used for military transportation applications such as
active RFID and sensing. Alternatively, high-power wireless applications include
GPS, GSM cellular, and so on that require an average power of >5 mW and are used
to track position and personal identification.

Some candidate wireless systems selected for this study included products from
Texas Instruments, Crossbow, Jennic, and DigiMesh. To evaluate the power require-
ments for each of these platforms, estimates were first obtained for a typical sensor
application that does 20 ms measures and transmits data every 10 s. The sleep cur-
rent for these devices along with peak transmit current and, therefore, the average
harvesting current required are listed in Table 12.2.

It should be noted here that the startup cycle for these modules is not accounted
for. It is assumed that the startup energy occurs only once at the beginning and that
sufficient reserve energy is available in storage to perform this function. The startup
energies are different for these devices as they depend on firmware algorithms being
implemented that form the network and maintain association. The Jennic JN5148
module exhibits the lowest power requirement of all platforms tested here. The aver-
age power required to sustain this wireless application depends on the operating
voltage. They typically vary from 3 to 3.6 V. For example, with DigiMesh, the sleep
current is high and, therefore, the harvesting power required is approximately
0.5 mW, which is still attainable through energy harvesting.
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TABLE 12.2

Power Requirements for Commercially Available Zigbee Wireless Nodes
Sleep Current Maximum Duty Harvesting

System Vendor (HA) Current (mA) Equivalent (uA)

MSP430 CC2500 TI 8 22 74

Iris Mote (XM2110CA) Crossbow 8 25 83

DigiMesh 2.4 Digi 10 55 171

IN5148 Jennic 1.25 17.5 52

The advantage of the 802.15.4 platform is that it is a sustainable network where
large groups of nodes can exist and communicate with each other to maintain energy
efficiency and logistics of goods. Shown in Figure 12.6 is a typical transmission pulse
of JN5148 module that has a wake-up, boot, data collection, and transmit functions.
This particular sensor node was powered with 3.3 V and had a very low sleep current
of 2.5 LA which is negligible. On an average, it required 1.5 mJ per transmission
cycle and if the interval is every 5 s, then the power required is 0.3 mW. If the time
interval is doubled to 10s, the power requirement approximately becomes half
accounting for the additional sleep current. Hence, in most applications, it is essential
to know how often the sensor data are required. It should be noted that any external
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FIGURE 12.6 A typical transmission current pulse for the JN5148 module.
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sensors connected to the wireless platform may require additional power due to spe-
cific operating conditions and have not been accounted for in this estimate.

Another example of a suitable application is a wireless WiFi platform. Here, the
primary advantage is that WiFi is available everywhere and the sensor nodes them-
selves have a unique IP address and can be accessed from anywhere. As expected
from the type of application, the power required for WiFi platforms is significantly
higher. A typical current pulse during transmission involves wake-up and multiple
transmit and receive cycles to ensure that no IP conflicts arise and that configuration
settings are identified and verified. Furthermore, the nodes are required to periodi-
cally maintain link with the access points and send configuration data to avoid being
kicked out from the network. For a 3.3 V supply, the average energy per cycle was
measured to be approximately 15 mJ, and to transmit data every 30 s, the required
power is 0.5 mW. The actual power is generally higher to accommodate link-up
transmissions that occur every 45-60 s. Therefore, it is established through these
tests that power requirement for these wireless sensor nodes is approximately 0.3 mW
to achieve frequent data transmissions.

GROUND TRANSPORT VIBRATION

It is widely known that the vibration on a transportation vehicle is generally ran-
dom and, therefore, it is difficult to tune resonant energy-harvesting devices to a
certain specific frequency. Furthermore, vibration data depend on the type of vehi-
cle, vehicle speed, road conditions, driving conditions, mounting direction/axis,
measurement location, and so on. From the measured vibration data collected over
a series of vehicle tests, it was established that the interior vibration in a vehicle is
almost insignificant and is difficult to harvest in meaningful amounts without any
common frequency content. However, an appreciable amount of vibration is pres-
ent in the exterior of a vehicle which can be harvested with some common fre-
quency content even though the vibration itself is random. Based on the measurements,
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FIGURE 12.7 Frequency spectra of vibration data collected on automobiles and light
trucks.
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TABLE 12.3
Frequency Ranges of Interest for Vibration
on Automobiles and Their Sources

Suspension-related vibration 2-5Hz
Tire-related vibration 10-15Hz
Structure-related vibration 30-40 Hz

it was concluded that some vibration in the 10-15 Hz range can be harvested,
which mainly occurs from tire-related vibration, as shown in Figure 12.7. An
energy-harvesting module based on the moment-loaded beam discussed earlier
was designed to harvest this vibration and other impact events observed in vehicles
during transit.

The general vibration profiles experienced in an automobile and their associated
sources are summarized as shown in Table 12.3.

CANDIDATE APPLICATIONS AND FIELD TRIALS

A candidate application was selected in a tractor trailer environment for an end
user. In the field trials conducted, two energy harvesters were mounted along with
a data logger to collect vibration data on the trailer, as shown in Figure 12.8. The
energy content generated in the energy harvester module was monitored during the
whole trip. The collected data are shown in Figure 12.9 for a period of 1 h which
included the time when the truck was moving and the time when it was idle. The
energy level in the super capacitor steadily rose from 3.6 to 4.3 J before the truck
stopped moving following which there is some leakage in the super capacitor. The
average power during transit was calculated to be 390 uW which is sufficient for

FIGURE 12.8 A vibration energy harvester mounted on a tractor trailer.
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FIGURE 12.9 Energy charging characteristics for a tractor trailer field trial.

active RFID and ground transport applications, specifically the Zigbee sensor node
discussed earlier.

Another candidate application was chosen with a need to deploy multiple wireless
sensor nodes on high-speed trains to monitor its structural integrity and other para-
meters such as interior temperature, and so on. Providing wired sensors in this appli-
cation is difficult as they need to monitor critical parameters in hard-to-reach areas
of the bogie. The ground transport energy harvester module discussed earlier was
mounted on the train to harvest power necessary to power these applications, as
shown in Figure 12.10.

The vibration data were collected using a data logger and reproduced on an LDS
vibration shaker to simulate the train vibration. The ground transport module was
mounted on the shaker to harvest power from the random vibration. The power thus

JTRB-e12
energy harvester

FIGURE 12.10 Energy harvester mounted on a candidate train bogey.
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FIGURE 12.11 Voltage balance at the output capacitor to maintain 3.8 V during a train field
trial.

produced was dissipated across a 20 KQ load through an auxiliary electrolytic
capacitor while maintaining a steady voltage of 3.8 V, as indicated in Figure 12.11.
The vibration in the train was an aggressive profile and after 50 h through the test,
the average power generated remained constant at 720 W, as shown in Figure 12.12.
The approximate average power required for the 802.15.4 application discussed ear-
lier is 300 uW for sensor data transmissions every 10 s. As evident from this test, the
generated power is sufficient to sustain the wireless network even when external sen-
sors are attached to the node. The aggressive train vibration profile was used to
demonstrate the durability of the energy-harvesting device. The excess power gener-
ated during transit can be stored either in rechargeable batteries or super capacitors
for sensor operation during idle time.
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FIGURE 12.12 Power balance by dissipating the harvested energy across a suitable load
during test.
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CONCLUSION

In conclusion, energy harvesting has already gained acceptance as an alternate power
solution for sustainable wireless sensor systems. In particular, energy-harvesting
technology offers an extremely viable plug-and-forget attribute for sensors deployed
in hard-to-reach areas of remote applications. This attribute further enables mass
deployment of sensors to efficiently manage the logistics of goods and critical assets
in transportation. An energy-harvesting power supply with a two-wire interface like a
battery is desired for many end-user applications. It is critical to evaluate the energy
sources within an application environment to understand the fit for energy-harvesting
devices. Energy-harvesting solutions are becoming commercially available now and
transportation logistics applications present a great opportunity to pursue. A novel
stand-alone energy-harvesting power solution was developed and demonstrated func-
tionality with a wireless sensor node operating in two ground transport applications,
namely, tractor trailer and train environment.
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