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Preface

This book contains 10 chapters focusing on the new developments and practical applications
of optical sensors. Laboratory experiments and field investigations of new and emerging op‐
tical sensors are presented. Some data analysis methods are also described. Chapter 1 dis‐
cusses principle and practical implementation of fiber-optic and free space Michelson
interferometer for sensor applications. Considering the coherence length of a He-Ne laser,
the Michelson interferometer potentially allows for measurement of far objects, where a sig‐
nal is guided in an optical fiber. In addition, the interferometer can be miniaturized or built
as a fiber optic based sensor. Chapter 2 reviews recent development of excessively tilted fi‐
ber grating as optical sensors for various physical parameters such as strain, twist, loading,
refractive index (RI) and liquid level sensing. The use of mesoporous polymers for optical
sensors is discussed in Chapter 3. Chapter 4 describes the use of photonic crystal laser for
gas sensor that provides some advantages over the ones based on traditional semiconductor
lasers. The emission and operation parameters of this laser as well as measured spectra of
H2O at 1910 nm are also presented in this chapter. Chapter 5 presents Whispering Gallery
Mode (WGM)-based and other fiber optic sensors for biomedical applications.

Fiber Bragg gratings (FBGs) have been widely employed for various optical fiber sensing
applications. In Chapter 6, two different FBG-based sensor networks are proposed and
demonstrated utilizing passive system design. The first design is based on a 25 km cavity
length erbium-doped fiber (EDF) ring laser for detecting multiple FBG sensors in the net‐
work. The second design is based on a multi-ring passive sensing architecture, which does
not have any active components in the entire network. Thus, the proposed system can
facilitate the construction of a reliable FBG sensing network for large-scale and multi-
point architecture. Chapter 7 presents the development of bio and chemical sensors based
on Surface Plasmon Resonance (SPR) in a plastic optical fiber (POF). The POF sensor con‐
figurations are presented to monitor an aqueous environment (refractive index around
1.333), with a resolution ranging from 10-4 to 10-3 (RIU). A wide range of optical sensors
have been utilized in agriculture, which include sensors used to analyze soil attributes to
the ones installed in combines to measure protein content in wheat grains while they are
being harvested. Chapter 8 specifically discusses optical sensors to measure agricultural
crop reflectance. Chapter 9 presents recent advances in nanostructured based detector tech‐
nology, materials and devices for optical sensing applications. An overview of recent works
on a variety of semiconductors and advanced materials such as GaN, ZnO, Si/SiGe, In‐
GaAs and CNT for optical sensing applications is thoroughly discussed in this chapter. In
the final chapter, a new luminophore application method is proposed and demonstrated
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1. Introduction

Michelson  interferometer  is  used  in  metrology  of  small  amplitude  nonelectric  physical
quantities for its accuracy, noncontact and noninvasive procedure. It is broadly used in sensor
applications. There are many papers assuming the use of an interferometer and focusing on
measured results, but there are not many works offering practical knowledge on how to construct
and run Michelson interferometer. In this chapter we discuss wide range of aspects, which
greatly facilitate the launch of Michelson interferometer in in-situ conditions.

Random addition to a signal can practically disqualify many techniques for their eventual
application in accurate measurements of displacement or vibrations. The interferometric
method is suitable for signals that require a noninvasive and noncontact method [1]. It al‐
lows avoiding a physical contact with a measured object that would originate spurious sig‐
nals causing errors greater than the values to be measured. Such signals may be
encountered in industrial applications like mining or construction technologies, in measure‐
ments of resonant frequencies of machines or bridges and last but not least in the measure‐
ment of small deformations or spatial distributions of temperature. Finally, measurements
performed in harsh environment, such as the ones with extremely high temperature, could
damage the measuring apparatus. In addition, the interferometric method is attractive for its
price.

2. Principle of the method

The necessary and sufficient condition to observe interference of light is the coherence length
being greater than optical path difference between two superposed beams. In practice,

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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interference is considered for coherent waves, where the maximum distance from the light
source, at which interference is observed, is related to the spatial cross-correlation between
two points in a wave for an arbitrarily selected time instant.

A very good description of interference observed in Michelson interferometer as well as many
practical aspects about running experiment with Michelson setup is presented in [2]. A
numerical model of a Michelson interferometer is published in [3]. A block scheme of a
Michelson interferometer is presented in Figure 1. Based on the scheme, in the following
section, we present the mathematical model of light interference in a free space Michelson
interferometer.

Figure 1. Schematic diagram of a Michelson interferometer. M2 – 50% mirror (beam splitter), M1, M3 – dielectric mir‐
rors.

2.1. Interference of light observed in a free space Michelson interferometer

Let us consider a wave entering the Michelson interferometer, presented in Figure 1.

( )0 0sinE E kz tw j= - + (1)

Where k is known as angular wavenumber that is to express the magnitude of the wave vector,
and for dielectrics is as:

2k p
l

= (2)

And ω is angular frequency. Knowing the frequency of light ν having a wavelength λ and a
speed c, it can be written as:

22 2w pn p
n

= = (3)
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For simplicity and without restricting generality, we assume certain time instant where φ0 is
equal to 0.

0 sin( )w= -E E kz t (4)

The wave is split at a beam splitter in Michelson interferometer and two waves E1 and E2 are
formed. The wave that is partially reflected at the beam splitter M2 and is reflected at M1 mirror
can be written as:

1 01 1sin( )w= -E E kz t (5)

The wave transmitted through the beam splitter and reflected from M3 mirror is as:

2 02 2sin( )w= -E E kz t (6)

where z1 is optical path length from the beam splitter (M2) to M1 mirror, z2 is optical path length
from the beam splitter (M2) to M3 mirror, as displayed in Figure 1.

E0 amplitude is split to E01 and E02. In theory, both waves do not have any phase shift with
regard to each other as well as in an ideal case the splitter should separate them symmetrically.
In real Michelson setup, splitting is not symmetrical and the amplitudes of split waves are:

01 0 2 1= × ×E E r r (7)

02 0 2 3= × ×E E t r (8)

Where r2 is the reflection coefficient of a beam splitter, r1 is the reflection coefficient of M1

mirror, t2 is the transmission coefficient of a beam splitter, and r3 is the reflection coefficient of
M3 mirror. In addition, in practical consideration, the phase of E2 wave transmitted through
the beam splitter is changed, as referred to the phase of E1. Then, they should be denoted as:

1 01 1sin( )w= -E E kz t (9)

2 02 2sin( )w j= - +E E kz t (10)

The superposition of interfering waves at the beam splitter is the sum of both waves, denoted
as E3:

Fiber Optic and Free Space Michelson Interferometer — Principle and Practice
http://dx.doi.org/10.5772/57149
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3 1 2 01 1 02 2sin( ) sin( )w w j= + = + + + +E E E E kz t E kz t (11)

A photodetector detects light intensity I related to intensity of electric field E, as in (12):

2~I E (12)

For I3 as the intensity related to E3 it can be written:

[ ]2
3 01 1 02 2~ sin( ) sin( )w w j+ + + +I E kz t E kz t (13)

2 2
3 01 1 01 02 1 2

2 2
02 2

~ sin ( ) 2 sin( )sin( )

sin ( )

w w w j

w j

+ + + + + +

+ + +

I E kz t E E kz t kz t

E kz t
(14)

To simplify, the following trigonometric operation can be performed on second term:

2sin sin cos( ) cos( )a b a b a b× = - + + (15)

We obtain:

[ ]
[ ]

2 2
3 01 1 01 02 1 2

2 2
01 02 1 2 02 2

~ sin ( ) cos ( )

cos ( ) 2 sin ( )

w j

w j w j

+ + - - +

+ + + + + + +

I E kz t E E k z z

E E k z z t E kz t
(16)

It can be noticed that second term E01E02cos k (z1− z2)−φ  is time independent, first and fourth
terms oscillate at ω, third term oscillates at 2ω. Using this value of λ and the speed of light
being c=3x108 m.s-1, the frequency of light ν is calculated as in (3). Since the sin term of the first
and last term oscillates at this frequency, the cos term oscillates at double of this frequency, the
frequency changes are too fast for a detector to react (it is few ranges slower) [2]. It instead
measures average value of these terms. For sin2 term it is 0.5 and for cos it is 0. Eq. (16) can be
rewritten to:

2 2
01 02 01 02

1 1~ cos( )
2 2

j+ + D -I E E E E k z (17)

where Δz is optical path difference:

1 2D = -z z z (18)
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Intensity I is maximum if and only if cos term is equal to 1, i.e. when kΔz-φ is zero or multiple
of 2π. Minimum intensity is if and only if cos term is equal to -1. Then, it can be written:

( )22 2
max 01 02 01 02 01 02

1 1 1~
2 2 2

+ + = +I E E E E E E (19)

( )22 2
min 01 02 01 02 01 02

1 1 1~
2 2 2

+ - = -I E E E E E E (20)

Light intensity depends on the optical path difference Δz. If the optical path difference of both
interferometer’s arms is equal or is multiple of 2π, there is constructive interference and the
intensity of interference fringes is maximum.

The above model refers to a free space Michelson interferometer. The mathematical apparatus
for a fiber optic Michelson interferometer can be more extensive, since one could consider the
reflections at connectors, fiber dispersion, as well as the properties of polarizers, a coupler and
the optional presence of a fiber stretcher. However, the model reflects the general idea on light
interference in any Michelson interferometer.

3. Experimental setup

When planning how to arrange an experiment using an interferometer, the choice can be made
between large number of interferometers, as for example Michelson interferometer [4], Mach-
Zehnder interferometer [5], Sagnac interferometer [6], Fabry Perot interferometer, and last but
not least Fizeau interferometer, Twyman-Green interferometer, Nomarski interferometer [7].
The selection of interferometer is not always arbitrary; it must be suited to the application. In
addition, it is possible to build up an interferometer with a free space or a fiber optic arrange‐
ment. The Michelson and Mach-Zehnder are the most widely used interferometers. Michelson
interferometer is used for its simplicity, accuracy, and lower number of components. In this
paper we focus on the Michelson interferometer, in which both interference beams propagate
in their arms twice on the contrary to Mach-Zehnder interferometer, which is simpler and
easier to implement. The Michelson interferometer also provides easier calibration and better
control of mechanical stability.

Obtaining interference fringes is just one of many steps in the measurement procedure.
Another step is the integration of a measured object with the interferometer. Transparent
objects can be inserted into a beam path in one arm. Other objects should be placed at the end
of the interferometer arm or fixed to the mirror.

There is a number of aspects fundamental for experiment like thermal stability of light source
used, as well as its coherence length. The experimental setup must suppress ambient vibrations
responsible for the spurious signal and thus it must be mechanically stable; otherwise the

Fiber Optic and Free Space Michelson Interferometer — Principle and Practice
http://dx.doi.org/10.5772/57149
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It can be noticed that second term E01E02cos k (z1− z2)−φ  is time independent, first and fourth
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where Δz is optical path difference:
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Intensity I is maximum if and only if cos term is equal to 1, i.e. when kΔz-φ is zero or multiple
of 2π. Minimum intensity is if and only if cos term is equal to -1. Then, it can be written:
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Light intensity depends on the optical path difference Δz. If the optical path difference of both
interferometer’s arms is equal or is multiple of 2π, there is constructive interference and the
intensity of interference fringes is maximum.

The above model refers to a free space Michelson interferometer. The mathematical apparatus
for a fiber optic Michelson interferometer can be more extensive, since one could consider the
reflections at connectors, fiber dispersion, as well as the properties of polarizers, a coupler and
the optional presence of a fiber stretcher. However, the model reflects the general idea on light
interference in any Michelson interferometer.

3. Experimental setup

When planning how to arrange an experiment using an interferometer, the choice can be made
between large number of interferometers, as for example Michelson interferometer [4], Mach-
Zehnder interferometer [5], Sagnac interferometer [6], Fabry Perot interferometer, and last but
not least Fizeau interferometer, Twyman-Green interferometer, Nomarski interferometer [7].
The selection of interferometer is not always arbitrary; it must be suited to the application. In
addition, it is possible to build up an interferometer with a free space or a fiber optic arrange‐
ment. The Michelson and Mach-Zehnder are the most widely used interferometers. Michelson
interferometer is used for its simplicity, accuracy, and lower number of components. In this
paper we focus on the Michelson interferometer, in which both interference beams propagate
in their arms twice on the contrary to Mach-Zehnder interferometer, which is simpler and
easier to implement. The Michelson interferometer also provides easier calibration and better
control of mechanical stability.

Obtaining interference fringes is just one of many steps in the measurement procedure.
Another step is the integration of a measured object with the interferometer. Transparent
objects can be inserted into a beam path in one arm. Other objects should be placed at the end
of the interferometer arm or fixed to the mirror.

There is a number of aspects fundamental for experiment like thermal stability of light source
used, as well as its coherence length. The experimental setup must suppress ambient vibrations
responsible for the spurious signal and thus it must be mechanically stable; otherwise the
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interference pattern is not stable in time. Especially in free space arrangement, where me‐
chanical stability of the setup is required, the use of optical table suppressing vibrations is
practically unavoidable. Fiber optic arrangement can suppress disturbing signals, since signal
is guided in optical fibers, whose length is barely influenced by mechanical instability.

An interferometer should be mounted on a pneumatic laboratory table, for example in the
faculty cellars where vibrations of ground are minimal, and mounted by using special holders.
In very accurate measurements, where measured quantity is a multiple of the wavelength, it
is necessary to use lasers with good temperature stability of a wavelength.

3.1. Free space Michelson interferometer

In free space Michelson interferometer, it is suitable to use a laser from the visible range to
facilitate calibration and data reading, for example a He-Ne laser, which exhibits good
wavelength stability (approximately 2 MHz). In free space Michelson interferometer, the
position of mirrors and a beam splitter is adjusted by observing the incident light in the
interference plane. Although this arrangement is very sensitive to mechanical instability, the
fringes can be obtained employing a systematic approach. To calibrate the interferometer, the
angles between mirrors are adjusted as well as proper angles between the beam splitter and
mirrors are set to get the interference pattern with required number of fringes.

Adjusting the position of a beam splitter affects both beams at once and is more time consum‐
ing. The position of both dielectric mirrors should be set, and once both beams overlap at the
beam splitter, the position of all elements of the setup is adjusted to set right distribution of
fringes in the observation plane. The increase in arm’s length by the distance equal to the value
of the half of the wavelength (316.4 nm) causes the change to the phase difference between
two beams equal to 2π (one interference fringe). The interferometer is then able to measure
displacement in a range of several hundred nanometers (corresponding to the ability to
distinguish one fringe) [8].

The concept of a free space Michelson interferometer with a sample investigated object and a
connected detector is displayed in Figure 2. A He-Ne laser is one of very broadly used in free
space implementations because it emits light from the visible range and exhibits great
wavelength stability and decent output power. A laser beam is split into two beams by a beam
splitter (M2), (amplitude splitting does not affect polarization). Each beam is propagated along
its optical path controlled by a mirror system (M1, M3). The reference beam is guided to the
observation plane going twice through the beam splitter. The measuring beam is guided to
the investigated object, a copper rod terminated with a dielectric reflecting mirror. (It can
potentially be any other object specific for its length, and being solid in the investigated range
of temperatures). Measured signal affects the position of the M3 mirror placed at its end and
causes changes to the reflected optical path length in a measuring arm.

The reference and measuring beams interfere at the beam splitter. An additional phase shift
between both arms causes changes to the distribution of interference fringes that are counted
and monitored. Information about the amount of fringes is stored in a computer and is used
to calculate the change in optical path length. Number of fringes passing through the aperture
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in an observation plane is proportional to the measured quantity. Sample interferograms
obtained in an exemplary experiment are shown in Figure 3.

Figure 3. Sample distribution of interference fringes. Mirrors adjusted to one dark fringe (top left), two light and two
dark fringes (top right), new fringes appearing when taking measurement (bottom left), changed fringe direction
caused by different angle between M1 and M3 mirrors (bottom right).

Figure 2. Schematic diagram of a free-space Michelson interferometer. M2 – 50% mirror (beam splitter), M1, M3 – die‐
lectric mirrors.

Fiber Optic and Free Space Michelson Interferometer — Principle and Practice
http://dx.doi.org/10.5772/57149

7



interference pattern is not stable in time. Especially in free space arrangement, where me‐
chanical stability of the setup is required, the use of optical table suppressing vibrations is
practically unavoidable. Fiber optic arrangement can suppress disturbing signals, since signal
is guided in optical fibers, whose length is barely influenced by mechanical instability.

An interferometer should be mounted on a pneumatic laboratory table, for example in the
faculty cellars where vibrations of ground are minimal, and mounted by using special holders.
In very accurate measurements, where measured quantity is a multiple of the wavelength, it
is necessary to use lasers with good temperature stability of a wavelength.

3.1. Free space Michelson interferometer

In free space Michelson interferometer, it is suitable to use a laser from the visible range to
facilitate calibration and data reading, for example a He-Ne laser, which exhibits good
wavelength stability (approximately 2 MHz). In free space Michelson interferometer, the
position of mirrors and a beam splitter is adjusted by observing the incident light in the
interference plane. Although this arrangement is very sensitive to mechanical instability, the
fringes can be obtained employing a systematic approach. To calibrate the interferometer, the
angles between mirrors are adjusted as well as proper angles between the beam splitter and
mirrors are set to get the interference pattern with required number of fringes.

Adjusting the position of a beam splitter affects both beams at once and is more time consum‐
ing. The position of both dielectric mirrors should be set, and once both beams overlap at the
beam splitter, the position of all elements of the setup is adjusted to set right distribution of
fringes in the observation plane. The increase in arm’s length by the distance equal to the value
of the half of the wavelength (316.4 nm) causes the change to the phase difference between
two beams equal to 2π (one interference fringe). The interferometer is then able to measure
displacement in a range of several hundred nanometers (corresponding to the ability to
distinguish one fringe) [8].

The concept of a free space Michelson interferometer with a sample investigated object and a
connected detector is displayed in Figure 2. A He-Ne laser is one of very broadly used in free
space implementations because it emits light from the visible range and exhibits great
wavelength stability and decent output power. A laser beam is split into two beams by a beam
splitter (M2), (amplitude splitting does not affect polarization). Each beam is propagated along
its optical path controlled by a mirror system (M1, M3). The reference beam is guided to the
observation plane going twice through the beam splitter. The measuring beam is guided to
the investigated object, a copper rod terminated with a dielectric reflecting mirror. (It can
potentially be any other object specific for its length, and being solid in the investigated range
of temperatures). Measured signal affects the position of the M3 mirror placed at its end and
causes changes to the reflected optical path length in a measuring arm.

The reference and measuring beams interfere at the beam splitter. An additional phase shift
between both arms causes changes to the distribution of interference fringes that are counted
and monitored. Information about the amount of fringes is stored in a computer and is used
to calculate the change in optical path length. Number of fringes passing through the aperture

Optical Sensors - New Developments and Practical Applications6

in an observation plane is proportional to the measured quantity. Sample interferograms
obtained in an exemplary experiment are shown in Figure 3.

Figure 3. Sample distribution of interference fringes. Mirrors adjusted to one dark fringe (top left), two light and two
dark fringes (top right), new fringes appearing when taking measurement (bottom left), changed fringe direction
caused by different angle between M1 and M3 mirrors (bottom right).

Figure 2. Schematic diagram of a free-space Michelson interferometer. M2 – 50% mirror (beam splitter), M1, M3 – die‐
lectric mirrors.

Fiber Optic and Free Space Michelson Interferometer — Principle and Practice
http://dx.doi.org/10.5772/57149

7



Figure 4. Sample time variation of light intensity at the output of an interferometer measured and displayed on an
oscilloscope. Two marked maximum points show one fringe period corresponding to the phase shift of 2π, which
means the arm length is changed by the length of the propagated wave.

Considering the fact that fringes pass through the surface of a photodetector, a signal detected
by a photodiode or eventually displayed on an oscilloscope contains many minima and
maxima of light intensity, such as one displayed in Figure 4. This may be the signal you see
after launching the measurement, indicating that the setup started to work. If the interferogram
is stable in time and the detected light intensity is a constant value, it means that the investi‐
gated object generates no signal or there is no interference for any reason (for example there
is a problem with the coherence length of used light source or a detector detects light from one
arm only), which in practice can be very confusing. The use of visible light facilitates to verify
the existence of interference fringes. In free space interferometers, performing the measure‐
ment in the visible spectrum is appropriate because of exact calibration based on a visual
control. In fiber optic interferometer, the use of visible light is rather impossible because most
of optical fibers are transparent for longer wavelengths.

3.2. Fiber optic Michelson interferometer

Fiber optic Michelson interferometer employs the same principle of splitting a laser beam and
inserting the optical path difference between the arms. Both waves interfere at a coupler.
However, there are many features specific for fiber optic interferometers, disregarding the fact
that we deal with the Michelson interferometer. Essential modifications result from the fact
that light is guided in optical fibers. The concept of a fiber optic Michelson interferometer with
connected detector is displayed in Figure 5.

Figure 5. Schematic diagram of a fiber-optic Michelson interferometer. M1, M2 – dielectric mirrors.
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Fiber mirrors and a coupler should be compatible with the used laser. In theory, they are
designed to work at a specific wavelength, but in practice, cheap fiber mirrors are created by
using dielectric material and they are broadband. Pigtailed fiber mirrors are commercially
available. For example, if you have a mirror labeled as operating at 1310 nm, it is likely that it
exhibits high reflectance also at 1550 nm. However, in case of fiber couplers, the splitting ratio,
important for fringe thickness and contrast, can be very different at both wavelengths.

Calibration of a fiber optic interferometer requires using additional components, compared to
a free space interferometer, where optical path length can be simply adjusted by positioning
of mirrors. In fiber optic Michelson interferometer the path length can be increased by inserting
an air gap between two fibers, which results in additional losses at the aperture and abandon‐
ing the ideal of all-fiber interferometer. One of the most spread techniques is to use a fiber
stretcher. A silica fiber is elastic and can be mechanically stretched by about 2 % [9]. It allows
for changing the optical path length necessary for the exactly out of phase beams and the near-
zero light intensity at a detector. The silica fiber can be stretched by using a cylinder made of
a rubber material placed between retainers, which are precisely tightened to each other by
using a micrometer screw. Consequently, the cylinder expands and the fiber is stretched,
however with the sub-millimeter precision insufficient for the phase adjustment of the light
wave. Thus, for a sub-micrometer stretch, a piezoelectric actuator [10] with the voltage control
is optimal. Electric field applied to the actuator below its Curie point causes the ions shifts, (an
elastic strain), resulting in linear increase (or decrease) in length of the actuator according to
the electric field polarity. This feature refers to crystals with no center of symmetry, such as
quartz, lithium niobate or bismuth titanate. Most of commercially available fiber stretchers
provide the optical path length variation of few micrometers per volt. The fiber stretch is
frequency dependent, which should be taken into account, when alternating current is applied
to an actuator.

Polarizers in a fiber optic Michelson interferometer are necessary to avoid random polarization
due to stretches or birefringence resulting in intensity instability. It can improve the stabiliza‐
tion of visibility in fiber optic sensors [11]. Instead of polarizers that are source of insertion
losses, it is suitable to use polarization maintaining fibers.

3.3. Lasers for interferometers

The fiber optic Michelson interferometer require the use of lasers operating at telecommuni‐
cation wavelengths since optical fibers transmit optical radiation in the range of about 800 –
1600 nm. Helium-Neonium laser, very popular in free space optics, cannot be used with most
of commercially available fibers. Distributed Feedback Lasers (DFB) operating at any wave‐
length from this range are suitable; the most frequently used DFBs work at 1310 nm or at 1550
nm. DFB lasers are cheap, offer relatively narrow spectrum of emitted wavelengths; however,
the stability of wavelength is usually worse than in He-Ne lasers. One has to consider the fact
that detected number of fringes detected at the observation plane depends on wavelength.
Because of this fact, stabilized lasers with a temperature controller can be used. This makes
the arrangement more expensive. Since DFB lasers usually work stable in temperature a bit
lower than room temperature, one has to wait few minutes until the temperature of a chip is
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achieved and the emitted wavelength is stabilized. In addition, since the emitted wavelength
is not from the visible range, the feedback about the interference fringes is not available for
human eye. It is necessary to use a detection circuit (e.g. a photodiode and an oscilloscope) to
observe time changes of an interferogram at an observation point. In general, low fringe
contrast indicates that some adjustments are required.

An interferometer with long arms must fulfill the condition of coherence length (simplifying,
the path taken of all the interfering waves must differ by less than a coherence length, which
differs for a LED, white light and lasers). Otherwise interference is not observed. The best
coherence length refers to lasers. For example the coherence length of a single mode He-Ne
laser can exceed 100 m, while some LED sources exhibit the coherence length of few centime‐
ters.

Objects absorbing the laser beam’s energy require using stronger optical power. For this
purpose, one can use Argon ion lasers operating at 510 or 490 or 350 nm, exhibiting the power
reaching few Watts [7]. Laser diodes, on the contrary, can offer the variety of available
wavelengths from infrared to ultraviolet region, however, usually not exceeding the power of
tens mW. Multimode lasers usually have worse coherence length than single mode lasers.
CO2 lasers operating in the infrared region can be useful for measurements over long distances.

Wavelength stability influences the accuracy of results. The change in length of the measuring
arm of an interferometer is the multiple of wavelength, as expressed in the formula (21).

0.5 lD = × ×l n (21)

where λ is wavelength, n is number of counted fringes. He-Ne laser exhibits good wavelength
stability, for stabilized lasers is fraction of MHz, non-stabilized lasers are usually one range of
order worse. Pay attention to older lasers, the real operation wavelength range can differ from
nominal range. The knowledge on wavelength instability is often required to evaluate the
accuracy of results dependent on λ. If you do not know the wavelength tolerance, you can
calculate it from the formula (22):

2l
lD = Dc f

c
(22)

For example, for a He-Ne laser operating at λ=632.8 nm ±2 MHz (as usually expressed in a
catalogue), the equivalent expression is λ=632.8 nm ± 2.7 10-6 nm, from which it can be
concluded that the wavelength instability is negligible.
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A practical remark referring to lasers used in interferometry refer to a safety class of used laser.
It is recommended to check the safety class, which should be displayed on a label and informs
about the necessary protection, which can for example be the use of special protection glasses.
In addition, it is not recommend looking into the laser’s aperture and avoiding the eye contact
with the back reflections from any surface. The direct beam from even a low-power He-Ne
laser (0.5 mW) can cause serious eye damage [7].

3.4. Detection of fringes and evaluation of measurement

Different detection methods can be used based on the properties of the measured signals (high
speed or slow signals, periodic or nondeterministic signals, low amplitude signals) as well as
on the properties of used laser. In general, detection of fringes allows using different devices,
such as photodiodes, photomultipliers, photoconductive detectors, CCD sensors or pyroelec‐
tric detectors. Photodiodes as the most popular and universal detectors cover wide range of
wavelengths, photoconductive detectors are used in the infrared region. Pyroelectric detectors
are sensitive over the infrared region, but in addition, they respond to changes in illumination.
However, the most sophisticated detection devices assume a detection unit integrated with
the circuits for signal processing, including amplification, Fourier transform of a signal suitable
for monitoring the frequency changes of an investigated process, and last but not least,
converting the measured signal for its transmission (sampling, quantization, encoding, and
many others). One of the cheapest solutions is to use commercially available fringe counters
or a photodiode with an operational amplifier and to process the signal on a computer. For
some applications (i.e. those assuming slow time variations of fringe distribution with the
frequency much lower than 1 Hz), it is sufficient to use a spectral analyzer.

Most of affordable optical fibers as well as the majority of fiber optic components are designed
to operate at 1300 or 1550 nm and exhibit huge attenuation in the visible range.

When the optical path length of one arm is changed, the distribution of interference fringes on
an observation point varies in time. It is possible to monitor their shift, direction and density.
For some applications in low speed signal measurement, a spectral analyzer is sufficient, but
for signals requiring fast sampling, huge amplification and low noises, a photodiode with an
operational amplifier and an oscilloscope is optimal. Another solution is the use of fringe
counters; however, they offer poor feedback compared to specialty purposes photodetectors.

The emergence of new fringes is relatively slow from the perspective of a detector. Number of
samples measured by a detector per unit of time must be at least twice of the maximum number
of occurring interference fringes per unit of time, as according to the Nyquist theorem [12].
For detection of weak signals (few nanowatts), we use a fast response, low noise photodiode
integrated with an operational amplifier. Time variation of light intensity is displayed on an
oscilloscope.

The measurements can be done with optical shielding to forbid the reception of the disturbing
signals. For this purpose, the photodetector is usually bounded into a box with an aperture
(without diffraction). To count fringes, the aperture accepts one fringe at a moment. The
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interferometer is calibrated to display one fringe in the observation plane. More fringes in the
aperture could cause that a new fringe is unnoticed.

Localization of fringes in Michelson interferometers can be done using Fourier optics. The
analysis presented in [13] helps to understand the Michelson fringes. It can be used for testing
optical elements such as mirrors, beam splitters, polarizers and collimation of lenses.

Knowing the number of fringes detected on an observation plane, it is possible to calculate the
change in length of the measuring arm from the formula (21). Changes to a measured quantity
is proportional to variation in measuring arm length, it is assumed the relation between
measured quantity and measuring arm is known. Initial values of the measured quantity must
be known since Michelson interferometer is not able to measure absolute values (such as
temperature, length) but their differential from the initial values (such as temperature changes,
elongation etc.). However, the modified circuits can provide the information about the absolute
values, there is a paper about absolute distance meter [14].

A separate problem is the accuracy of obtained results. Repeatability of results could roughly
confirm accuracy. In addition, there are few techniques to verify it in theory. The precision of
Michelson setup reaches the order of half-wavelength of the He-Ne laser. One fringe corre‐
sponds to the change in path length equal to 0.5x632.8 nm, assuming the He-Ne laser. The
greater precision can be achieved by using a shorter wavelength. However, much shorter
wavelengths are not compatible with most of affordable components. Few methods exist to
estimate measurement errors from gathered data and determine resultant accuracy of the
calculated results. The most popular one is the exact difference method [15]. The method is
suitable for estimation of overall accuracy of multi-tasking measurement and is widely used
in physics and engineering, for its statistical accuracy and simplicity. The method can evaluate
the optical part of experiment, i.e. Michelson interferometer, but it also enables to combine its
accuracy with accuracy of other accompanying measurements, necessary to calculate the
result. The general idea is expressed by the formula (24).
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Where a is measured quantity (i.e. parameter, coefficient) being the function of particular
quantities directly measured on an investigated object qi and Δ is inaccuracy). For example, q
in formula (24) can be wavelength accuracy or number of read fringes. It can be reading the
initial value of measured quantity, the precision of initial value taken from a catalog or accuracy
of any accompanying measurement, e.g. time, temperature etc. (The result can be the function
of arm’s length changes as well as the function of many other processes, not measured by the
interferometer). Exact difference method allows combining the contribution of all the meas‐
ured quantities to overall accuracy.

In practice, results should have the desired form, i.e. they should be stored in a file for further
processing on a computer, such as Fourier transform, which is suitable for measuring fre‐
quency of vibrations etc. The processing circuit has been proposed in [16].
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4. Exemplary experiments

The most investigated application of a Michelson interferometer is a fiber optic sensor [17]. It
can measure displacement [18], length changes, amplitude of vibrations (e.g.) the amplitude
of seismic waves [19], resonant frequency of vibration, changes in temperature [20], strain
(perimeters) [21], and many others. We present the applications to a measurement of thermal
expansion coefficient by using a free-space Michelson setup and the application to a meas‐
urement of amplitude of vibration of a loudspeaker and its frequency by using a fiber optic
Michelson interferometer. Both examples offer a good illustration of the principle of operation
of Michelson interferometer and help to understand the procedure of how to build an
interferometer.

4.1. Measurements of linear expansion and calculation of thermal expansion coefficient
using free space Michelson interferometer

There are few approaches to how to obtain the thermal expansion coefficient; however, high
accuracy can be achieved by using noncontact optical methods. A generally accepted view is
that if solid is heated, its volume increases. General volumetric thermal expansion coefficient
is given as:

1a ¶
= ×

¶v
V

V T
(25)

where V is volume entering the process at the condition of constant pressure and T is time. In
solids, the pressure does not appreciably affect the size of an object. To an approximation with
regard to measurement, the change in length of an object (which is linear dimension as opposed
to volumetric dimension) due to thermal expansion is related to a temperature change by a
linear expansion coefficient, which is defined as linear expansion due to a change in temper‐
ature with respect to initial length of an object, as shown in (26) and is expressed in K-1 [22]:
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where α is thermal expansion coefficient, Δlt – linear expansion; l0 – initial length; T1 is initial
temperature and T2 is final temperature.

Linear expansion denoted as Δlt depends on initial length l0 of an object and change in
temperature. The thermal expansion coefficient can be obtained from data for either heating
or cooling process. It does not depend on the shape of the object, temperature range or speed
(i.e. how intense is the heating process). Linear expansion Δlt of a solid measured by an
interferometer is shown in (27) and is expressed in meters [4]:
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0.5 lD = × ×tl n (27)

where n is number of interference fringes passed through an observation point of an inter‐
ferogram, obtained with respect to optical path difference, and λ is wavelength of the laser as
a source of coherent optical radiation. The measurement of temperature and the measurement
of linear expansion must be done together. To determine a thermal expansion coefficient, the
initial length of an investigated object must be well known.

Substituting (27) to (26) and knowing the initial and final temperature, it can be obtained:

0 2 1

0.5 la × ×
=

× -
n

l T T (28)

The thermal expansion coefficient is constant for a given material. Thermal expansion
coefficient can be determined for small linear expansion (i.e. achieved for a small change in
temperature). Since temperature affects distribution of interference fringes, the experiment can
be carried out in room temperature that facilitates temperature controllability. The block
scheme of an experimental setup using a free space Michelson interferometer for measurement
of thermal expansion coefficient of a copper rod is presented in Figure 6, and the practical
arrangement is shown in Figure 7.

Figure 6. Schematic diagram of a free space Michelson interferometer for the measurement of thermal expansion co‐
efficient for copper. M2 – 50% mirror (beam splitter), M1, M3 – dielectric mirrors.
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Figure 7. Schematic diagram of a free space Michelson interferometer for the measurement of thermal expansion co‐
efficient for copper. 1, 2 – dielectric mirrors, 2 – beam splitter, 4 – observation plane (left), and detailed view on the
investigated object (1) placed in a holder (2) with a micrometer screw (3), plastic isolation (4), heating coil, and a mir‐
ror in a mount (6) (right).

Optical path difference corresponding to one fringe is equal to value of half-wavelength. To
obtain the value of linear expansion of a material, the value of half-wavelength is multiplied
by the number of interference fringes. Data are gathered for monotonic increase in tempera‐
ture. In general, temperature changes do not have to be monotonic because the key feature is
to know an initial and final temperature, however, to facilitate fringe counting it is better to
measure them at the condition of monotonic change in temperature. If the temperature change
is not monotonic and both heating and cooling occur between an initial and final temperature,
some fringes are measured several times and as a result the measured expansion is larger than
it is in reality. Heating can be done by a coil, cooling is natural and is not accelerated by any
cooling device. The measurement should be repeated many times and the measured values
should be averaged in order to ensure the credibility of measurement.

The investigated object can be a metal rod with well-known initial length. A dielectric mirror
should be placed on the tip of the rod and terminates the interferometer’s arm. It is a high
reflectance dielectric mirror created by the deposition of a thin layer of a dielectric material on
a glass substrate. Eventual unexpected variation in room temperature could influence the path
length and the distribution of fringes. For this reason, e.g. a gas burner cannot be used for
heating.

We determine the thermal expansion coefficient for copper from the measured number of
fringes, the initial rod’s length and the temperature change. The number of light intensity
maxima (i.e. the number of light fringes) multiplied by the value of half-wavelength is equal
to the resultant expansion of the investigated copper rod. The result is averaged. For a well-
known value of thermal expansion coefficient, the experimental setup can also work as a very
accurate sensor of temperature changes that could for example be used in monitoring tem‐
perature stability in harsh environment. A similar application has been published [20]. Sample
measured interferograms are shown in Figure 8.
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Figure 8. Sample data on measured light intensity over number of samples. T1 is initial temperature and T2 is final tem‐
perature of the measurement.

Table 1 shows measured data and the calculated thermal expansion coefficient. In Table 1, l0

is initial length of the copper rod, T1 is initial temperature, T2 is final temperature, n is number
of interference fringes, λ is He-Ne wavelength, Δlt is linear expansion, and α is thermal
expansion coefficient calculated using (24).

l0 T1 T2 |T2-T1| n λ Δlt α

(m) x10-3 (K) (K) (K) (-) (m) x 10-9 (m) x 10-6 (K-1) x 10-6

82 296.7 317.5 20.8 105 632.8 33.222 19.47819

82 317.7 307.2 10.5 45 632.8 14.238 16.53659

82 312.8 301.3 11.5 49 632.8 15.504 16.44072

82 301.1 296.8 4.3 18 632.8 5.695 16.15201

82 296.7 302.7 6 27 632.8 8.543 17.36341

82 303.9 296.9 7 31 632.8 9.808 17.08780

82 296.8 301.0 4.2 20 632.8 6.328 18.37398

82 305.3 297.2 8.1 38 632.8 12.023 18.10178

82 323.3 303.3 20 92 632.8 29.109 17.74927

82 303.3 309.8 6.5 29 632.8 9.176 17.21501

82 305.2 303.0 2.2 10 632.8 3.164 17.53880

82 296.9 300.9 4 18 632.8 5.695 17.36341

82 297.3 315.6 18.3 80 632.8 25.312 16.86792

Mean 17.40530

Table 1. Calculation of a thermal expansion coefficient for copper.

The averaged value of thermal expansion coefficient, 17.4 K-1x10-6, corresponds well to the
value 16.9 K-1x10-6 that can be found in [23].
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4.2. Measurement of membrane vibration frequency using fiber optic Michelson
interferometer

A schematic diagram of the experimental setup using a fiber optic Michelson interferometer
for measurement of membrane vibration frequency is presented in Figure 9.

Figure 9. Schematic diagram of a fiber optic Michelson interferometer for the measurement of membrane vibration
frequency. M1, M2 – pigtailed dielectric fiber mirrors.

The reference DFB laser beam is guided to the observation plane, going twice through the
coupler. The measuring beam is guided to the investigated object, which is a loudspeaker
mounted on a fiber mirror. As a result of the superposition of the two beams, interference fringes
are observed. The interference fringes pass to a photo detector with an amplifier, and the maxima
of signal intensity are displayed on an oscilloscope. Finally, data are exporter to PC.

The experimental setup should suppress ambient vibrations; otherwise the interference
pattern is not stable. The experimental setup is placed on a hydro-pneumatic laboratory table
and mounted by using special holders. Practical arrangement of the experimental setup is
shown in Figure 10. The DFB laser operate at 1300 nm. Its temperature is monitored and
controlled in order to provide a stable wavelength in time and narrow emitted bandwidth.
Pigtailed mirrors, fiber couplers, polarizers are commercially available. The oscilloscope
provides Fourier transform of the measured signal in order to measure the known frequency
of vibrations of a loudspeaker.

The model of a high-speed and low amplitude physical quantity can be represented by the
signal originated by the loudspeaker’s membrane. The measurements were performed on a
small 0.5W 8Ω, loudspeaker with the operation bandwidth 4 Hz – 1.8 kHz. The excitation signal
is a sinus wave with constant amplitude. The excitation signal must not contain a constant
voltage component, which causes the short circuit and can damage the loudspeaker. (To avoid
this, a loudspeaker should be supplied through a capacitor). If a waveform generator is
equipped with output impedance greater than tens of ohms, the loudspeaker should be
connected to the generator with a resistor in series. However, too large resistance causes
absorption of vibrations.
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Figure 8. Sample data on measured light intensity over number of samples. T1 is initial temperature and T2 is final tem‐
perature of the measurement.
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small 0.5W 8Ω, loudspeaker with the operation bandwidth 4 Hz – 1.8 kHz. The excitation signal
is a sinus wave with constant amplitude. The excitation signal must not contain a constant
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A fiber dielectric mirror mounted on the loudspeaker oscillates with its membrane. The in‐
formation on its displacement is contained in the interference fringes. For rough measure‐
ment of vibration’s frequency (but not precise determination of amplitude of vibrations), it
is sufficient to place a loudspeaker close to the fiber mirror.

The change in light intensity on the detector’s surface is caused by the vibration of the inves‐
tigated membrane. The amount of fringes passing through the slit in front of an interference
pattern corresponds to certain displacement of the membrane. Sample measured data is dis‐
played in Figure 11.

Figure 11. Sample data describing vibrations of a membrane. Frequency of oscillations: 75 Hz, number of maxima per
period: 59 (A), and 99 Hz, number of light intensity maxima per period being 164 (B).

Figure 10. Practical arrangement of a fiber optic Michelson interferometer for the measurement of membrane vibra‐
tion frequency. 1 – oscilloscope, 2 – waveform generator, 3 – electric amplifier, 4 – temperature controller, 5 – laser
power controller, 6 – investigated object – a loudspeaker, 7 – photodiode, 8 – optical table, 9 – fiber coupler, 10 –
polarizer, 11 – DFB laser in a special holder, 12 – pigtailed fiber mirror.
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The broadened pitch between two light intensity maxima indicates the change to the direction
of movement of the membrane. The amplitude of membrane’s vibrations can be calculated by
using (21). The circuit can measure the frequency of loudspeaker’s sound (i.e. the frequency
of membrane vibrations) by setting the Fourier transform on an oscilloscope. If the frequency
is known, it can be a tool to verify that the setup works correctly. Then the frequency at a
waveform generator connected to a loudspeaker should correspond well to the frequency
measured and displayed on an oscilloscope. In addition, maximum vibration is measured for
the resonant frequency.

5. Conclusions

The main advantage of the laser interferometry method is its precision, noncontact procedure
and the application to objects specific for the small variation of signals measured on them. The
experimental results confirmed the high accuracy of this optical method in this specific
application area.

The measurements require performing many supplementary measurements. Every measure‐
ment is the source of inaccuracy. One has to consider potential inaccuracy sourcing from
thermometers, length meters, lasers, as well as find the right solution for the detection and
processing of fringes. Michelson interferometer requires mechanical stability especially in a
free space arrangement to reduce spurious signals, strongly affecting the final result.

Considering the coherence length, the interferometer can be distributed to allow for measure‐
ment on far objects. In addition, the interferometer can be miniaturized or built as a fiber optic
based sensor.
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tion frequency. 1 – oscilloscope, 2 – waveform generator, 3 – electric amplifier, 4 – temperature controller, 5 – laser
power controller, 6 – investigated object – a loudspeaker, 7 – photodiode, 8 – optical table, 9 – fiber coupler, 10 –
polarizer, 11 – DFB laser in a special holder, 12 – pigtailed fiber mirror.
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The broadened pitch between two light intensity maxima indicates the change to the direction
of movement of the membrane. The amplitude of membrane’s vibrations can be calculated by
using (21). The circuit can measure the frequency of loudspeaker’s sound (i.e. the frequency
of membrane vibrations) by setting the Fourier transform on an oscilloscope. If the frequency
is known, it can be a tool to verify that the setup works correctly. Then the frequency at a
waveform generator connected to a loudspeaker should correspond well to the frequency
measured and displayed on an oscilloscope. In addition, maximum vibration is measured for
the resonant frequency.

5. Conclusions

The main advantage of the laser interferometry method is its precision, noncontact procedure
and the application to objects specific for the small variation of signals measured on them. The
experimental results confirmed the high accuracy of this optical method in this specific
application area.

The measurements require performing many supplementary measurements. Every measure‐
ment is the source of inaccuracy. One has to consider potential inaccuracy sourcing from
thermometers, length meters, lasers, as well as find the right solution for the detection and
processing of fringes. Michelson interferometer requires mechanical stability especially in a
free space arrangement to reduce spurious signals, strongly affecting the final result.

Considering the coherence length, the interferometer can be distributed to allow for measure‐
ment on far objects. In addition, the interferometer can be miniaturized or built as a fiber optic
based sensor.
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1. Introduction

In-fibre inscription of grating structures in the core of an optical fibre was firstly reported in
1978 by Hill [1]. Being a promising device as narrow band reflector, the fibre Bragg gratings
(FBGs) have drawn a lot of attentions in the field of optical communication at that time.
However, the functionality of FBGs as sensors has been only recognised after a decade of the
invention of the device which can inscribe FBG with resonant wavelength independent of the
writing laser wavelength [2]. Since then, the research of FBG based sensors has grown
tremendously [3]. The techniques using diffractive optical element to fabricate FBG have put
the field into a more commercial way as reproductive of identical FBGs is possible [4]. FBGs
are then found a range of applications in sensing field such as strain, temperature, curvature,
loading, displacement etc. In 1996, a new type of fibre grating device which is called long period
fibre grating (LPG) was demonstrated which has superior temperature sensitivity while
possessing refractive index (RI) responsivity [5]. Both FBGs and LPGs have shown significant
role in the optical sensing domain. They have been utilised directly or functionalised or
integrated with other structures to show functionality in various sensing applications.

Another class of in-fibre gratings is the grating structure with tilted grating planes which called
tilted fibre gratings (TFGs). Such a type of gratings is capable of couple the core propagating
mode into strong cladding modes. In terms of the tilted angles, such gratings can be divided
into three types namely small angle (<45°) TFG, 45° TFG and excessively (>45°) TFG (ETFG).
The small angle TFGs were originally used as mode coupler which taps the light out from the
fibre core area [6]. Recently, such gratings have shown strong potential in sensing field [7-10].
When incorporated with metal coating, such gratings also exhibit great potential for refractive
index sensing based on surface plasmon resonance [11]. 45°-TFG was initially demonstrated
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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as a polarisation dependent loss equaliser [12] and later as an in-fibre polariser [13]. The ETFG
is a new class of fibre gratings which was first demonstrated in 2006 by Zhou et al [14]. Since
then, the ETFGs have shown great capability as a novel kind of fibre sensors. This chapter will
review the recent development of ETFGs as various optical sensors. The chapter will be
organised in three main parts: first part (sections 2) gives a general introduction and funda‐
mental background on fibre gratings with a particular emphasis on the ETFG; second part
(section 3) describes the inscription and characterisation of ETFG; third part (sections 4-9)
discusses ETFG based sensors and fibre laser sensing systems including strain, twist [15, 16],
loading[17], refractive index (RI) and liquid level sensing [18].

2. Background of fibre gratings

Light coupling in a non-tilted fibre grating can be well illustrated by ray tracing as shown in
Figure 1. For an FBG, the mode coupling occurs at resonant wavelength where the forward
propagating mode reflects into an identical backward propagating mode (Figure 1a). While for
an LPG, the mode coupling occurs close to wavelength at which a forward propagating core
mode is strongly coupled into co-propagating cladding modes (Figure 1b). For TFGs, the
mechanism of light coupling can also be described by ray tracing method as shown in Figure 2.

Figure 1. Schematic of light coupling of (a) a FBG showing light coupled from forward propagating core mode to
backward propagating cladding mode; (b) a LPG showing light coupled from forward propagating core mode to for‐
ward propagating cladding modes.

As can be seen from Figure 2, when the grating tilted angle is smaller than 45°, the grating is
capable of coupling forward propagating core mode into backward propagating cladding
modes (Figure 2a). At 45°, as a unique case, the core mode will be coupled into radiation mode
normal to the fibre axis (Figure 2b). When the tilted angle is larger than 45°, like LPGs, the
ETFGs are capable of coupling the forward propagating core mode into forward propagating
cladding modes, but to the high order ones (Figure 2c). The strongest light coupling occurs at
the resonant wavelength where the phase matching condition λco-cl=(nc0±ncl,m) Λ/cosθ is
satisfied, where nc0 and ncl,m are the effective mode refractive indices of the core mode and the
mth cladding mode, Λ is the grating period and θ is the tilted angle of the grating structure.
The mode coupling mechanism can be well understood by the phase matching condition. We
hereby define the following wave vector relationship for mode coupling in a fibre grating
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which is commonly regarded as the phase matching conditionΚout = Kin + ΚG. All K described

in this section are vectors. Κin =
2π
λ ⋅ncois the wave vector of the incident light and ΚG =

2⋅π
ΛG

 is

the grating vector. The phase matching condition of a fibre grating can then be described in a
vectorial plane in Figure 3 and Figure 4. For the case of FBG mode coupling, as shown in Figure

3a, the relationship Kout = Kin =
2⋅π
λ ⋅nco applies as an FBG structure will couple the light from

a forward propagating core mode into an identical backward propagating core mode. For the
case of LPG mode coupling, as shown in Figure 3b, the grating can couple the incident light

into forward propagating cladding modes with Κout =
2π
λ ⋅ncl  indicating the cladding modes.

Figure 3. Vectorial descriptions of phase matching conditions of (a) FBG and (b) LPG.

For TFGs, as the grating has the ability to couple the forward propagating core mode into

radiation mode, it is hence to have Kout =
2⋅π
λ ⋅ncladwhich is similar to LPG. With the condition

Figure 2. Schematic of light coupling of TFGs with tilted angle (a)< 45°; (b)=45°;(c)>45°.
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in this section are vectors. Κin =
2π
λ ⋅ncois the wave vector of the incident light and ΚG =

2⋅π
ΛG

 is

the grating vector. The phase matching condition of a fibre grating can then be described in a
vectorial plane in Figure 3 and Figure 4. For the case of FBG mode coupling, as shown in Figure

3a, the relationship Kout = Kin =
2⋅π
λ ⋅nco applies as an FBG structure will couple the light from

a forward propagating core mode into an identical backward propagating core mode. For the
case of LPG mode coupling, as shown in Figure 3b, the grating can couple the incident light

into forward propagating cladding modes with Κout =
2π
λ ⋅ncl  indicating the cladding modes.

Figure 3. Vectorial descriptions of phase matching conditions of (a) FBG and (b) LPG.

For TFGs, as the grating has the ability to couple the forward propagating core mode into

radiation mode, it is hence to have Kout =
2⋅π
λ ⋅ncladwhich is similar to LPG. With the condition

Figure 2. Schematic of light coupling of TFGs with tilted angle (a)< 45°; (b)=45°;(c)>45°.
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nco≅nclad , the following relationship Kin≅Kouttherefore applies. Hence, the phase matching
condition of TFGs can be depicted in the vector plane which is shown in Figure 4, where θ
indicates the tilted angle of the grating with respect to the fibre axis. In Figure 4a, we can simply
infer that when the tilted angle is minimised to zero, the phase matching illustration evolves
into the standard FBG condition from which a forward propagating mode has been coupled
into an identical backward propagating mode via Bragg diffraction. Figure 4b shows the
special case of 45°-TFG which is capable of coupling out light perpendicular to the fibre axis
or incident beam propagation direction. While Figure 4c shows the mechanism of an incident
beam couples into a forward propagating mode through an excessively titled grating structure.
Although the phase matching condition gives very good approximation for interpretation of
mode coupling mechanism inside the TFGs, it does not involve the polarisation effect which
is actually one of the key properties of the TFGs.

Figure 4. Vectorial description of phase matching conditions for TFGs with titled angles at (a) < 45°, (b) = 45°and (c) > 45°.

Due to their large tilted angle induced strong asymmetry to the fibre geometry, ETFGs exhibit
polarisation dependent mode splitting which features with pairs of peaks corresponding to
two orthogonal polarisation modes. We can therefore identify an equivalent fast-axis and slow-
axis similar to the conventional polarisation maintaining (PM) fibre structure as shown in
Figure 5. It is this distinctive polarisation mode splitting mechanism makes ETFGs as ideal
loading [17] and twisting sensors [16] based on their polarisation property and as refractive
index sensors utilising intrinsic sensitivity of the high order modes to surrounding medium.
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Figure 5. Schematic illustration of an ETFG structure with two assigned orthogonal polarisation axes.

3. Fabrication and spectral properties of ETFG

As illustrated in Figure 6, a TFG can be inscribed either by tilting the mask with respect to the
fibre axis (Figure 6a), or by using a mask with tilted pitches (Figure 6b). As an alternative
approach, one can inscribe such gratings by tilting the fibre about its axis orthogonal to the
plane defined by the two interfering UV beams in a two-beam holographic fabrication system
(Figure 6c). A commercial argon ion UV laser is employed to inscribe ETFG in hydrogenated
standard telecom fibre (SMF28). Similar to standard FBG fabrication, we have adopted mask
scanning technique for ETFG inscription due to high reproducibility and fine control of the
grating devices. A commercial amplitude mask with 6.6 µm period was purchased for ETFG
inscription ensuring the spectral response residing within a broad range from 1200 to 1700 nm.
The schematic UV inscription setup is shown in Figure 7a. A typical microscopic image of an
ETFG is shown in Figure 7b demonstrating the slanted grating fringes at ~78°.

A broadband light source (BBS), a polariser and a polarisation controller (PC) are utilised to
examine the spectral properties of ETFG through an optical spectrum analyser (OSA). A typical
measurement schematic setup is illustrated in Figure 8.

Figure 9a shows the optical spectrum of a typical ETFG from 1200 to 1700 nm, exhibiting unique
paired loss peaks due to polarisation mode splitting, when probed using unpolarised BBS.
When polarised light with proper polarisation state is launched as a probe, only one set of split
modes will be excited and the other set disappears. As can be seen from Figure 9b, either the
equivalent fast- (blue dash-dotted line) or the slow-axis (red-dashed line) mode can be fully
excited or eliminated with polarised light.
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Figure 7. (a) Schematic of UV mask scanning technique for ETFG fabrication; (b) a typical microscopic image of an
ETFG (Reprinted from Optics Communication Vol.305 pp271-275, Copyright (2013) with permission from Elsevier ).

Figure 8. Typical measurement schematic for characterising ETFG.

Figure 6. (a) and (b) mask scanning (c) two-beam holographic technique for TFG fabrication.
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Figure 9. (a) Optical spectrum of a typical ETFG from 1200 nm to 1700 nm; (b) the spectra of one zoomed loss peak
pair when polarised light probing the ETFG (Reprinted from Optics Communication Vol.305 pp271-275, Copyright
(2013) with permission from Elsevier ).

4. Thermal responsivity of ETFG

The ETFGs have shown a thermal responsivity as low as 3.3 pm/°C in 1200 nm range [19]. For
the application of optical sensors, the thermal responsivity in the 1550 nm range is of interest.
The thermal responsivity of the ETFG has been examined by mounting the grating on a peltier
device based heat exchange board using a commercial temperature controller while monitor‐
ing the transmission spectrum change with elevated temperature. We studied two pairs of loss
peaks of the ETFG around 1560 nm and 1610 nm individually. Figure 10 plots the wavelength
shift of the two paired loss peaks when the temperature of the grating increases from 20 °C to
80 °C with a step of 10 °C. Because a polariser and a PC has been used in the experiment, extra
insertion loss is therefore induced to the system. Moreover, the BBS has a low power response
at the interested wavelength range. Hence, the measured intensity of the loss peaks almost
reach the sensitivity limit of the OSA. While the resolution of the OSA used in the experiment
was limited to 0.02 nm, the errors in the experiment in terms of wavelength change is 0.04 nm
which is shown in the error bars. Figure 10 shows the thermal responsivities of the two paired
loss peaks have a quasi linear relationship. The thermal responsivities of the fast- and slow-
axis modes around 1560 nm are 4.5 pm/°C and 5.5 pm/°C (Figure 10a) while around 1610 nm
are 4.5 pm/°C and 7.5 pm/°C (Figure 10b). It can be clearly seen that the thermal responsivity
of ETFG depends on the mode orders, this is quite similar to the thermal behaviour of normal
LPGs [20]. We have also found that the thermal responsivity of slow-axis mode is slightly
higher than that of the fast-axis mode. Furthermore, compared to the conventional LPG [20],
ETFG shows a much lower temperature sensitivity. Therefore, the ETFG could be an ideal
optical sensor without compulsory temperature compensation scheme.
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Figure 9. (a) Optical spectrum of a typical ETFG from 1200 nm to 1700 nm; (b) the spectra of one zoomed loss peak
pair when polarised light probing the ETFG (Reprinted from Optics Communication Vol.305 pp271-275, Copyright
(2013) with permission from Elsevier ).
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of ETFG depends on the mode orders, this is quite similar to the thermal behaviour of normal
LPGs [20]. We have also found that the thermal responsivity of slow-axis mode is slightly
higher than that of the fast-axis mode. Furthermore, compared to the conventional LPG [20],
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Figure 10. Wavelength shifts of two paired loss peaks of the ETFG against the temperature change in the ranges
around (a) 1560 nm and (b) 1610 nm (Reprinted from Optics Communication Vol.305 pp271-275, Copyright (2013)
with permission from Elsevier ).

5. ETFG based strain sensing

To evaluate the strain responsivity of the ETFG, the grating fibre was mounted in a homemade
fibre stretcher where the fibre was clamped on two metal block holders with a fixed distance,
one of which being fitted with a precision translational micrometer driver. By moving the
micrometer driver, the fibre was then stretched therefore inducing the strain from 0 to 2000
µε. Figure 11 depicts the wavelength shift against applied strain for two paired loss peaks. The
figure shows a linear relationship between the wavelength change and the applied strain. It
can be seen that the strain responsivities of the fast- and slow-axis modes around 1530 nm are
1.3 pm/µε and 1.6 pm/µε (Figure 11a) while are 1 pm/µε and 1.7 pm/µε (Figure 11b) in the
region around 1610 nm. We notice that the strain responsivity of the ETFG is slightly higher
than FBG [3]. The strain responsivity of the fast-axis mode is generally higher than that of the
slow-axis mode. It also worth to notice that the resonant wavelength of the ETFG has blue shift
while it is under tensile strain. This is in contrast to the FBG strain response, however,
corresponds very well to an LPG with relatively small period [20].

Although the passive detection of wavelength shift can offer smart sensing solutions, the
systems are still subjected to complexity. Normally, in this case, an additional light source is
necessary. Active strain sensors using fibre laser configuration provide an alternative meas‐
urement method with higher signal to noise ratio while having a less complicated system.
Moreover, most of the passive sensing systems rely on optical spectrum domain signal
demodulation from which the cost is high. Time domain signal demodulation offering low
system cost has been reported through integrating a conventional LPG in a linear laser cavity
[21]. In the following section, we describe the demonstration of a fibre laser strain sensor
incorporating an ETFG. Low cost time domain signal demodulation can be achieved by
monitoring the built-up time of the modulated laser cavity. The built-up time of the laser
system is subject to the loss change of the cavity in a modulated laser system when gain and
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pump condition is constant. Because the ETFG has spectral loss bands, when it is subjected to
mechanical strain in the laser cavity, the loss band will then shift accordingly, so that the cavity
loss is related with applied strain and the built-up time of laser system will change corre‐
spondingly. Therefore the strain can be detected by monitoring the built-up time of the laser
system.

Figure 11. Wavelength shifts of two paired loss peaks of the ETFG against the temperature change in the ranges
around (a) 1530 nm and (b) 1620 nm.

The setup for the proposed fibre laser strain sensor system is shown in Figure 12a. The ETFG
is again mounted in a home made fibre stretcher. The pump LD is modulated by a square wave
through a standard function generator at 5 Hz. The laser output is connected to a low noise
photodiode, and the built-up time is measured via a standard two-channel digital oscilloscope.
Figure 12b shows a typical oscillation trace of the laser oscillation built-up process.

In the experiment, by tuning the micrometer, we can obtain equivalent strain from 0 µε to 2000
µε applied on the ETFG. When the ETFG is at 0µε, this corresponds to the maximum loss in
the laser cavity which gives out the longest built-up time. While the strain increases, the loss
bands will have a blue shift thus decreasing the cavity loss which results in a shorter built-up
time of the system. A typical output spectra change is illustrated in Figure 13a.

The system was firstly set the lower and upper level modulation pump at constant values
of 14.6 mW and 112.4 mW individually. The built-up time was then measured for the strain
applied on the ETFG with an increment of 100 µε. The absolute built-up time change against
the applied strain on the ETFG is depicted in Figure 13b. From Figure 13b it can be seen
that, initially when the ETFG is under no strain, the laser cavity suffers the maximum loss
therefore  exhibiting  the  largest  built-up  time.  The  experiment  was  then  repeated  for  a
different  lower pump level  at  24 mW. It  can also be found that  this  laser  strain sensor
system is subject to the saturation of the applied strain as the system is in different lower
pump  levels.  For  a  better  understanding  of  the  experimental  results,  it  has  been  re-
plotted from which linear range of the sensor response counts for in Figure 13b (i.e. lower
pump level 24 mW) and Figure 13c (i.e. lower pump level 14.6 mW). It indicates, when the
lower pump level is 14.6 mW, the sensor system can measure strain from 0 µε to 1000 µε
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through a standard function generator at 5 Hz. The laser output is connected to a low noise
photodiode, and the built-up time is measured via a standard two-channel digital oscilloscope.
Figure 12b shows a typical oscillation trace of the laser oscillation built-up process.
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the laser cavity which gives out the longest built-up time. While the strain increases, the loss
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of 14.6 mW and 112.4 mW individually. The built-up time was then measured for the strain
applied on the ETFG with an increment of 100 µε. The absolute built-up time change against
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that, initially when the ETFG is under no strain, the laser cavity suffers the maximum loss
therefore  exhibiting  the  largest  built-up  time.  The  experiment  was  then  repeated  for  a
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with a linear responsivity of ~500 ns/µε. This is far beyond the resolution of a standard
oscilloscope. The sensor then reaches its saturation point when the applied strain is over
1000 µε. For lower pump level at 24 mW, the sensor is only capable of measuring strain
from 0 µε to 500 µε with a linear strain responsivity of ~349 ns/µε.

Figure 12. (a) Schematic diagram of the ETFG based fibre laser torsion sensor system; (b) Typical built-up time trace of
the fibre laser observed on a digital oscilloscope. Modulation signal is shown in black dotted line; laser output signal is
shown in red solid line.

Figure 13. (a) Typical output spectrum change when the 79°-TFG is under strain; (b) Laser oscillation built-up time
against applied strain on 79°-TFG for two different lower modulation pump power levels, and re-plotted separately
for (c) lower pump level 14.6 mW from 0 to 1000 με (d) lower pump level 24 mW from 0 με to 500 με.
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6. ETFG based twist sensing

As the ETFG is polarisation dependent, when probed with polarised light, the polarisation
direction of the light will alternate accordingly if the fibre is under twist. The schematic of ETFG
twist sensor is shown in Figure 14. In Figure 14, the broadband light is polarised through a fibre
pigtailed linear polariser. The PC is then employed to alternate the state of polarisation of the
input light to excite either fast-axis or slow-axis mode of the ETFG. One side of the ETFG is
clamped on a stage using a metal block while the other side of the ETFG is fed into the OSA
through a fibre rotator. The length between the fibre clamp and the fibre rotator is defined as
L. A small tension was then applied to the fibre in order to eliminate the axial strain and bending
effects, which may induce measurement uncertainty. Before the twist measurement com‐
menced, the zero degree of rotation was normalised to a state that only fast-axis mode is fully
excited by adjusting the PC. The twist was then applied to the grating in clockwise direction
from 0° to 180° with 10° increment. The resultant transmission spectra evolution is depicted in
Figure 15. From Figure 15 one can clearly see that when the ETFG is under twist, the strength
of fast-axis mode increases while that of the slow-axis mode decreases. More importantly, the
fast-axis mode diminished completely when the twist angle is 180°. A vice versa evolution was
also observed when the twist was applied in the anti-clockwise direction from 0° to 180° between
the fast-axis and slow-axis mode.

Figure 14. Schematic description of ETFG twist sensor system using a BBS.

In order to make the system more integrated, we carefully spliced the ETFG with a 45°-TFG
make the system a compact all-fibre grating based system. While the polarising axis of the 45°-
TFG matches either the fast-axis or slow-axis, the corresponding mode will be excited so that
the necessity of PC adjustment is removed. To further lower down the cost of the system, single
wavelength laser (SWL) was employed as a light source to which the laser line matches either
the fast-axis or slow-axis mode. Therefore, while the twist was applied on the ETFG, the power
variation can be recorded using a low cost power detector rather than an expensive OSA. The
experimental setup of this improved low cost system is shown in Figure 16.

To perform the twist experiment, the SWL is set at the wavelength matching either the fast-
axis or slow-axis mode as shown in Figure 17. The zero position of the sensor was calibrated by
optimising the fibre rotator which has a minimum transmission power. The twist was then
applied again from 0° to 180° with an elevation step of 10° for both fast-axis and slow-axis mode.
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with a linear responsivity of ~500 ns/µε. This is far beyond the resolution of a standard
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the fibre laser observed on a digital oscilloscope. Modulation signal is shown in black dotted line; laser output signal is
shown in red solid line.

Figure 13. (a) Typical output spectrum change when the 79°-TFG is under strain; (b) Laser oscillation built-up time
against applied strain on 79°-TFG for two different lower modulation pump power levels, and re-plotted separately
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input light to excite either fast-axis or slow-axis mode of the ETFG. One side of the ETFG is
clamped on a stage using a metal block while the other side of the ETFG is fed into the OSA
through a fibre rotator. The length between the fibre clamp and the fibre rotator is defined as
L. A small tension was then applied to the fibre in order to eliminate the axial strain and bending
effects, which may induce measurement uncertainty. Before the twist measurement com‐
menced, the zero degree of rotation was normalised to a state that only fast-axis mode is fully
excited by adjusting the PC. The twist was then applied to the grating in clockwise direction
from 0° to 180° with 10° increment. The resultant transmission spectra evolution is depicted in
Figure 15. From Figure 15 one can clearly see that when the ETFG is under twist, the strength
of fast-axis mode increases while that of the slow-axis mode decreases. More importantly, the
fast-axis mode diminished completely when the twist angle is 180°. A vice versa evolution was
also observed when the twist was applied in the anti-clockwise direction from 0° to 180° between
the fast-axis and slow-axis mode.

Figure 14. Schematic description of ETFG twist sensor system using a BBS.

In order to make the system more integrated, we carefully spliced the ETFG with a 45°-TFG
make the system a compact all-fibre grating based system. While the polarising axis of the 45°-
TFG matches either the fast-axis or slow-axis, the corresponding mode will be excited so that
the necessity of PC adjustment is removed. To further lower down the cost of the system, single
wavelength laser (SWL) was employed as a light source to which the laser line matches either
the fast-axis or slow-axis mode. Therefore, while the twist was applied on the ETFG, the power
variation can be recorded using a low cost power detector rather than an expensive OSA. The
experimental setup of this improved low cost system is shown in Figure 16.

To perform the twist experiment, the SWL is set at the wavelength matching either the fast-
axis or slow-axis mode as shown in Figure 17. The zero position of the sensor was calibrated by
optimising the fibre rotator which has a minimum transmission power. The twist was then
applied again from 0° to 180° with an elevation step of 10° for both fast-axis and slow-axis mode.
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Figure 15. Spectral evolution of ETFG under twist in clockwise direction from 0° to 180° with an increment of 10°.

Figure 16. Schematic experimental setup of all-fibre grating based twist sensor system.

The result of the ETFG based twist sensor using power detection method is shown in Figure
18. In Figure 18a, it demonstrates that from 0° to 180° the transmission power of the fast-axis
mode increases from -10 dBm to -2 dBm while that of the slow-axis mode is vice versa. One may
identify a linear range of the sensor at the position of 90°±30°. Thus the sensitivity of the sensor
is 0.1 dBm/(rad/m) and 0.24 dBm/(rad/m) for the slow-axis and fast-axis mode respectively. In
Figure 18b, it shows similar results when detected with a photodetctor resulting in a voltage
change from 0 to 3000 mV. The corresponding linear range gives out a sensitivity of 102.4 mW/
(rad/m) and 101.8 mW/(rad/m) for the slow-axis and fast-axis mode individually. It can be seen
clearly that when using a photodetector, the linearity is better than using a power meter. Also,
the sensitivity is slightly better when using a photodetector. The twist sensitivity of both fast-
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axis and slow-axis mode is quite similar. Therefore, in the real application, either mode can be
used. The successful demonstration of using photodetector may provide a mechanism that the
signal could be potentially transmitted through wireless control and remote monitoring.

Figure 18. Transmission power variation against twist angle for fast-axis and slow-axis modes measured through low-
cost power detection methods: (a) using a power meter and (b) a photodetector.

Similar to strain sensing, the ETFG can also be incorporated into a fibre laser to form a fibre
laser based twist sensor system where time domain signal demodulation technique can be
applied. The system setup is quite similar to the ETFG based fibre laser strain sensing system,
the only difference is to replace the fibre clamps for strain by a set of fibre rotator. The setup
for the ETFG based fibre laser twist sensor system is shown in Figure 19. The ETFG itself is a
polarisation dependent loss filter, when an ETFG is inserted to the laser cavity and subject to

Figure 17. The upper plot is the transmission spectra of the ETFG; the lower one is the output spectra of a SWL set at
the wavelength matching either fast-axis or slow-axis mode.
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twist, the intracavity loss will change accordingly, thus affecting the laser built-up time. Based
on this principle, the twist experienced by the ETFG can therefore be monitored by measuring
the built-up time of the laser cavity.

Figure 19. Schematic diagram of the ETFG based fibre laser twist sensor system. (reprint from REF[15] with permission
from SPIE ).

In the experiment, a segment of laser cavity fibre with ETFG was fixed by a clamp on one side
and the other side was mounted on a fibre rotator, as shown in Figure 19a. In order to eliminate
the noise induced from other effects such as axial strain and bending, the grating fibre was
under small tension to maintain it straight. In the twist sensing experiment, the lower and
upper modulation levels of the pump power were first set at 14.6 mW and 43.3 mW, respec‐
tively. To perform the measurement, the grating fibre was subjected to twist from 0 to 150°
with an elecvation of 10° in both clockwise and anti-clockwise directions. We have measured
the built-up time for each twist angle and the normalised results are plotted in Figure 20a.
Figure 20a shows that at the initial position, i.e. under 0° twist, the ETFG induced polarisation
loss to the laser cavity is at its maximum, so the largest built-up time is expected at this point.
Therefore, when the grating fibre is subjected to twist in either clockwise or anti-clockwise
direction, the induced polarisation loss through the ETFG to the laser cavity decreases and the
built-up time hence reduces accordingly with increasing twist. We have repeated the twist
experiment at a different lower pump modulation level of 24 mW. We observed a decrease for
the overall torsion sensitivity, as the lower trace shown in Figure 20a. This is because a higher
pump power could provide higher gain for the laser system therefore shorter build up time is
expected. To work out the sensitivity of the twist sensor, we re-plot the results for twist applied
in clockwise and anti-clockwise direction separately in Figure 20b and Figure 20c. Within the
dynamic range of ±140°, the sensor shows a quasi-linear response indicating a torsion sensi‐
tivity of ~412 µs/(rad/m). The resolution of the oscilloscope used in the experiment is 5 ns, this
gives an estimated sensor resolution of ~1.25×10-5 rad/m. Furthermore, if the sensor is set at a
predefined twist angle, i.e. at ±80° as indicated in Figure 20b and Figure 20c, one is able to
identify the twist direction.
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Figure 20. (a) Laser oscillation built-up time against twist angle for twist applied to clockwise and anti-clockwise direc‐
tions for two different low modulation pump power levels, and re-plotted separately for (b) clockwise and (c) anti-
clockwise direction to show the capability of identifying twist direction. (reprint from REF[15] with permission from
SPIE ).

One may notice that when the torsion angle varies from -140° to 0°, there is a very obvious
jump for the built-up time change from -80° to -60°. This could be attributed to the experimental
error from rotating the grating in the laser cavity, as there is no such jump for rotation angle
from 0° to +140°. To increase the sensitivity of the sensor, it is possible to further decrease the
lower modulation pump level.

7. ETFG based loading sensing

Take a standard single mode optical fibre with cylindrical geometry into consideration, when
the transverse force is applied to the y axis as shown in Figure 21, for a given compressive force
F, the stresses in x and y directions can be expressed as σx = 2 ⋅ F

π ⋅D ⋅ L  and σy = − 6 ⋅ F
π ⋅D ⋅ L  where

D is the diameter of the fibre, L is the length of the stressed area and F is the force applied on
the fibre. It is noted that δx is tensile stress which is positive while δy is compressive stress which
is negative therefore (δx- δy)>0 is always true. The photoelastic effect induced refractive index
change in the fibre core area can be given by [22]:

( ) ( ) ( )0 0 1 2 d dD = - = - + + × -x y x y x yn n n n n C C (1)
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Where nx0 and ny0 are the effective refractive indices of the fibre without stress. C1 and C2 are
the stress-optical coefficient, the relationship (C1-C2)>0 is always true for silica fibre [23]. If the
transverse load is applied in the slow-axis of an ETFG, we will have nx0=nf and ny0=ns where nf

and ns are the refractive indices for the predefined fast- and slow-axis of the ETFG. Hence, the
first term in equation (1) will be negative which will therefore reduce the birefringence Δn.
Under this situation, we anticipate the light coupling to the two orthogonal polarised modes
is apt to be affected by the external loading. On the contrary, if the transverse load is applied
in the fast-axis direction, we will have nx0=ns and ny0=nf. Therefore, we will have a positive value
in the first term of equation (1) which will increase the birefringence Δn. In this scenario, the
ETFG is capable of preventing light from coupling to the two orthogonal polarised modes.

Figure 21. The cross section of a fibre in an assigned x–y coordinate system with transverse load applied along the y-
axis.

The schematic experimental setup of the ETFG loading experiment is shown in Figure 22a. In
the experiment, an ETFG with 12 mm length and a support fibre were sandwiched between
the flat surface of a buffer plate and a base plate. The loading was applied on top of the buffer
plate with a nominal loading length of ~ 32 mm. A BBS was polarised through a commercial
polariser, the PC was employed to choose the desired polarisation state, here we choose, the
fast-axis mode of the ETFG. The spectral evolution was recorded through an OSA. The applied
transverse load on the slow-axis of the ETFG was from 0 to 2600 grams with an increment of
200 grams as shown in Figure 22b. The spectral evolution is plotted in Figure 23. It can be seen
clearly from Figure 23 that with the increase of the loading weight, the intensity of the fast-
axis mode is elevating while that of the slow-axis mode is decreasing. While we found when
the loading is applied on the fast axis of the ETFG as shown in Figure 22c, no spectral evolution
can be observed. This unique property could potentially serve as a vectorial loading sensor
which is capable of not only measuring the amplitude of the loading but also identifying the
direction of the loading.

Similar to the twist sensor, the loading sensor can also be optimised into a low cost sensor
using a SWL and optical power detector. There also exists a linear range from 9 to 44 kg/m for
the loading responsivity which is approximately 2.04 µW/(kg/m). Therefore, by using a
standard detector with 1nW resolution, one could possibly reach a loading sensitivity of 0.0016
grams.
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Figure 22. (a) Schematic experimental setup of the transverse loading experiment using an ETFG. (b) and (c) The cross
section of the TFBG with transverse load applied along slow- and fast-axes; φ is the angle between the fast-axis of the
ETFG and the x direction.

Figure 23. (a)Transmission spectral evolution of the ETFG with transverse load from 0 to 2600g applied on the slow-
axis of the ETFG and the support fibre. (b) Power evolution of the ETFG loading sensor using SWL and power meter.

8. ETFG based refractive index sensing

Due to the nature of forward propagating cladding modes, the ETFG is intrinsically sensitive
to the external refractive index variation which is similar to an LPG. To characterise the RI
responsivity, the ETFG was mounted in a V-grooved aluminium plate, this is to guarantee the
measurement being free from other effects such as strain and bend. The refractive index gel
used to study the RI response of the ETFG is certified commercial gels from Cargille Lab. The
optical spectrum was recorded through a BBS and an OSA to study the spectral evolution of
RI response. In Figure 24, it clearly shows the two paired modes around 1560 nm and 1610 nm
in response to the RI gels with index change from 1.32 to 1.38 with an increment of 0.01. An
obvious trend is the degeneration of the dual loss peaks with increasing RI value. This can be
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explained by the reduction of polarisation mode dispersion (PMD) of the cladding modes
resulting from the decrease of refractive index difference between the fibre cladding and outer
medium. Figure 25a and Figure 25b shows the RI responses of the fast- and slow-axis mode
for 1560 nm and 1610 nm band, respectively. It can be clearly seen that the wavelength shift
for the two bands is around ~20 nm when the RI increased from 1.32 to 1.38. Additionally, the
wavelength shift for 1610 nm band is observed to be slightly larger than that of the 1560 nm
band. It is also obvious to see that the ETFG has stronger RI response for the RI value around
1.3 compared to conventional LPGs [20] which does not respond at this RI range. This indicates
that ETFG could be an ideal candidate as bio/chemical sensor for water based solutions. Despite
the RI response within the desired RI range is not linear, the RI sensitivity of the two peaks is
estimated to be ~320 nm/RIU in ~1.33 refractive index region, which is much higher than that
of reported typical LPGs [20]. Further increase the RI may result in RI match between the
cladding and the index gel. This will remove the boundary condition for the survival of
cladding modes, therefore only radiation mode will appear without any loss band structure
in the optical spectrum.

Figure 24. RI response of a mode pair when subject into index gel from RI=1.32 to 1.38 with an increment of 0.01 for
(a) 1560 nm band and (b)1610 nm band (Reprinted from Optics Communication Vol.305 pp271-275, Copyright
(2013) with permission from Elsevier ).

Figure 25. RI response of fast- and slow- axis modes around (a) 1560 nm and (b) 1610 nm when the ETFG was sub‐
jected to index gels with SRI change from 1.32 to 1.38 with an increment of 0.01 (Reprinted from Optics Communica‐
tion Vol.305 pp271-275, Copyright (2013) with permission from Elsevier ).
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9. Liquid level sensor

Based on the RI response of the ETFG, we notice that when the ETFG is fully immersed in
water, the paired peaks shifted to the longer wavelength side, as shown in Figure 26. It is this
water induced wavelength shift enables ETFG to be an effective liquid level sensor. If part of
an ETFG is immersed in the water, it behaves as two individual gratings with two types of
surrounding media. Hence, when we just observe one paired loss peaks, we will see that a
paired loss peaks generated by the air-surrounded grating section with a broad peak on longer
wavelength side generated by the water-surround grating sections, as illustrated in Figure
26. This behaviour exhibits similarity to LPG and etched FBG based level sensors, and further
proves that the effective index of the propagating cladding or core mode is defined by the RI
of the surrounding medium covering the waveguide. Owing to the PMD nature of the ETFG
cladding modes, we have excited fast- and slow-axis mode individually by polarised light to
evaluate the ETFG spectral response to water level change.

Figure 26. The transmission spectra of a 78°-ETFG when it is in air (black solid line) and fully immersed in water (red dot‐
ted line) (Reprinted from Optics Communication Vol.305 pp271-275, Copyright (2013) with permission from Elsevier ).

In the water level sensing experiment, a 12 mm long grating was attached to a plastic tube and
then immersed into the water. One part of the tube surface was removed to house the grating
fibre which is to ensure the grating is in full contact with water while also eliminating the
grating from bend. A precision translational stage was used to hold the beaker so that water
level on the submerged ETFG can be accurately controlled. Hence during the whole experi‐
ment, the fibre movement can be eliminated which stops the polarisation induced uncertainty.
Figure 27a describes the schematic configuration of the level sensing experiment. In Figure
27b, it shows the transmission spectra when the slow-axis mode around 1560 nm band was
excited at three different liquid levels: the left peak (red solid line) indicates that the grating
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explained by the reduction of polarisation mode dispersion (PMD) of the cladding modes
resulting from the decrease of refractive index difference between the fibre cladding and outer
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of reported typical LPGs [20]. Further increase the RI may result in RI match between the
cladding and the index gel. This will remove the boundary condition for the survival of
cladding modes, therefore only radiation mode will appear without any loss band structure
in the optical spectrum.
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excited at three different liquid levels: the left peak (red solid line) indicates that the grating
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fully exposed to air, the middle two peaks (blue dashed line) appear when half of the grating
is immersed in water, the right peak (black dotted line) illustrates that the grating is completely
immersed in water. The spectral evolution of the slow-axis mode around 1560 nm when the
ETFG was surrounded completely from by air to water is illustrated in Figure 27c. It is clear
to see that when the water level increases, the loss of the air-surrounded peak decreases
whereas the loss of the water-surrounded peak elevates. Figure 27d shows that the fast-axis
mode around 1560 nm band exhibited a similar spectral change,

Figure 27. (a) Schematic diagram of the experimental setup for liquid level sensing; (b) Transmission spectra of the
ETFG for slow-axis mode coupling around 1560 nm: the left-side (red solid line), right-side (black dotted line) single
peak and the middle dual peaks (blue dashed line) corresponding to the grating surrounded by air, water and half
way in water. The air- and water-surrounded peaks evolving with increasing water level for (c) slow-axis mode and (d)
fast-axis mode (Reprinted from Optics Communication Vol.305 pp271-275, Copyright (2013) with permission from
Elsevier ).

Optical Sensors - New Developments and Practical Applications42

The transmission against submerging length of the ETFG in water for the fast- and slow-axis
mode are depicted in Figure 28a and Figure 28b respectively.

Figure 28. Transmission change measured for the length of the 78-TFG in water for the grating sections surrounded
by water (■,□) and by air (▲,△) for (a) fast-axis mode and (b) slow-axis mode (Reprinted from Optics Communication
Vol.305 pp271-275, Copyright (2013) with permission from Elsevier ).

In Figure 28, it can be seen that by observing the transmission of the fast-axis or slow-axis mode
and the related water surrounded peak of the ETFG, we can determine the water level.
Additionally, one need to note that the initial 3 mm for the air-surrounded modes is not
sensitive to the water level variation. The grating has a linear response to the water level change
from 3 mm to 10 mm and becomes insensitive from 10 mm to 12 mm. While for the water-
surrounded modes, the grating response has a linear relationship to water level from 0 mm to
8 mm followed by an insensitive range from 8 mm to 12 mm. It is still not clear that why the
sensing range is different between the air- and water-surrounded modes. We further linearly
fitted the results to characterise the sensitivity of the level sensor.

In Figure 28a, it can be seen the sensitivity for the air-surrounded fast-axis modes is quite
similar to that of the water-surrounded one which is ~ 13 %/mm despite the sensing range is
different for these two modes. The air- and water-surrounded slow-axis mode show a
sensitivity of ~ 12 %/mm which is shown in Figure 28b. This is more than twice of the sensitivity
of the LPG based liquid level sensor with a reported value of 4.8 %/mm [24]. We can therefore
conclude that both fast- and slow-axis mode of the ETFG is capable of water level sensing
which offers similar sensitivity and measurement range. The manufacture quoted accuracy of
7 % (0.3 dB) of the OSA can be regarded as the main factor of measurement uncertainties in
the experiment. Also, the environmental effect could be taken into account because the
measurement is polarisation sensitive. The uncertainty may increase up to ~ 35 % if the
transmission of the water-surrounded mode is getting lower. This is mainly due to reaching
the sensitivity limit of the OSA when the transmission of the peaks become smaller. A stronger
light source and low loss measurement kit could potentially increase the sensitivity and
eliminate these errors. The sensor may also be developed as a low cost solution using single
wavelength laser and a power meter.
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fully exposed to air, the middle two peaks (blue dashed line) appear when half of the grating
is immersed in water, the right peak (black dotted line) illustrates that the grating is completely
immersed in water. The spectral evolution of the slow-axis mode around 1560 nm when the
ETFG was surrounded completely from by air to water is illustrated in Figure 27c. It is clear
to see that when the water level increases, the loss of the air-surrounded peak decreases
whereas the loss of the water-surrounded peak elevates. Figure 27d shows that the fast-axis
mode around 1560 nm band exhibited a similar spectral change,

Figure 27. (a) Schematic diagram of the experimental setup for liquid level sensing; (b) Transmission spectra of the
ETFG for slow-axis mode coupling around 1560 nm: the left-side (red solid line), right-side (black dotted line) single
peak and the middle dual peaks (blue dashed line) corresponding to the grating surrounded by air, water and half
way in water. The air- and water-surrounded peaks evolving with increasing water level for (c) slow-axis mode and (d)
fast-axis mode (Reprinted from Optics Communication Vol.305 pp271-275, Copyright (2013) with permission from
Elsevier ).
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mode are depicted in Figure 28a and Figure 28b respectively.

Figure 28. Transmission change measured for the length of the 78-TFG in water for the grating sections surrounded
by water (■,□) and by air (▲,△) for (a) fast-axis mode and (b) slow-axis mode (Reprinted from Optics Communication
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10. Conclusion

In summary, ETFGs have been demonstrated as effective RI, strain, twist, loading and liquid
level sensor. The ETFGs have shown a slightly low thermal responsivity and slightly higher
strain responsivity than the standard FBGs. The strain response of the ETFGs is also similar to
a short period LPG as shown a negative wavelength shift against strain. Because their unique
polarisation mode splitting property, the ETFGs have exhibited vectorial sensing functions as
loading and twisting sensors. This allows the ETFG can not only measure the amplitude of the
loading and twist but also determine the direction of the measurands. We have described that
as a strain or twist sensor, the signal can be demodulated using low cost method with a single
wavelength laser and a power detector. Furthermore, we have demonstrated that by incorpo‐
rating the ETFG in a linear cavity fibre laser, a fibre laser based strain or twist sensor using a
time domain signal demodulation method can be realised showing high signal-to-noise ratio
for the sensing. The ETFG has also shown strong responsivity to external surrounding
medium. Compared to an LPG, the ETFG is sensitive in the RI range ~ 1.33 which allows it to
perform efficient sensing for aqueous based solution. Based on this, we have also demonstrated
an ETFG based water level sensor with higher sensitivity than an LPG based one.

In the future, we will expect to see more sensor applications based on ETFGs, such as bending
sensor and biophotonic application. With proper coating, the ETFGs could function as surface
plasmon resonance based ultrahigh sensitivity sensors. So far the theoretical understanding
of ETFGs has not been fully realised, thus a systematic study on the theory of the ETFG is
expected with which we could find more applications with such unique grating structures.

Author details

Chengbo  Mou*, Zhijun  Yan, Kaiming  Zhou and Lin  Zhang

*Address all correspondence to: mouc1@aston.ac.uk

Aston Institute of Photonic Technologies, School of Engineering and Applied Science, Aston
University, Aston Triangle, Birmingham, UK

References

[1] Hill KO, Fujii Y, Johnson DC, Kawasaki BS. Photosensitivity in Optical Fiber Wave‐
guides - Application to Reflection Filter Fabrication. Appl Phys Lett. 1978;32(10):
647-9.

[2] Meltz G, Morey WW, Glenn WH. Formation of Bragg Gratings in Optical Fibers by a
Transverse Holographic Method. Opt Lett. 1989;14(15):823-5.

Optical Sensors - New Developments and Practical Applications44

[3] Rao YJ. In-fibre Bragg grating sensors. Meas Sci Technol. 1997;8(4):355-75.

[4] Anderson DZ, Mizrahi V, Erdogan T, White AE. Production of in-Fiber Gratings Us‐
ing a Diffractive Optical-Element. Electron Lett. 1993;29(6):566-8.

[5] Bhatia V, Vengsarkar AM. Optical fiber long-period grating sensors. Opt Lett.
1996;21(9):692-4.

[6] Peupelmann J, Krause E, Bandemer A, Schaffer C. Fibre-polarimeter based on grating
taps. Electron Lett. 2002;38(21):1248-50.

[7] Miao YP, Liu B, Zhang H, Li Y, Zhou HB, Sun H, et al. Relative Humidity Sensor
Based on Tilted Fiber Bragg Grating With Polyvinyl Alcohol Coating. Ieee Photonic
Tech L. 2009;21(7):441-3.

[8] Caucheteur C, Chen C, Albert J, Mégret P. Use of weakly titled fiber Bragg gratings
for strain sensing purposes. Proc of IEEE/LEOS Benelux Chapter, Eindhoven.
2006:61-4.

[9] Guo T, Tam HY, Krug PA, Albert J. Reflective tilted fiber Bragg grating refractometer
based on strong cladding to core recoupling. Opt Express. 2009;17(7):5736-42.

[10] Shao LY, Xiong LY, Chen CK, Laronche A, Albert J. Directional Bend Sensor Based
on Re-Grown Tilted Fiber Bragg Grating. J Lightwave Technol. 2010;28(18):2681-7.

[11] Shevchenko YY, Albert J. Plasmon resonances in gold-coated tilted fiber Bragg gra‐
tings. Opt Lett. 2007;32(3):211-3.

[12] Mihailov SJ, Walker RB, Stocki TJ, Johnson DC. Fabrication of tilted fibre-grating po‐
larisation-dependent loss equaliser. Electron Lett. 2001;37(5):284-6.

[13] Zhou KM, Simpson G, Chen XF, Zhang L, Bennion I. High extinction ratio in-fiber
polarizers based on 45 degrees tilted fiber Bragg gratings. Opt Lett. 2005;30(11):
1285-7.

[14] Zhou KM, Zhang L, Chen XF, Bennion I. Optic sensors of high refractive-index re‐
sponsivity and low thermal cross sensitivity that use fiber Bragg gratings of > 80 de‐
grees tilted structures. Opt Lett. 2006;31(9):1193-5.

[15] Mou C, Zhou K, Suo R, Zhang L, Bennion I, editors. Fibre laser torsion sensor system
using an excessively tilted fibre grating and low-cost time domain demodulation.
20th International Conference on Optical Fibre Sensors; 2009 Oct 5-9; Edin‐
burgh,UK2009.

[16] Chen X, Zhou K, Zhang L, Bennion I. In-fiber twist sensor based on a fiber Bragg gra‐
ting with 81 degrees tilted structure. Ieee Photonic Tech L. 2006;18(21-24):2596-8.

[17] Suo R, Chen XF, Zhou KM, Zhang L, Bennion I. In-fibre directional transverse load‐
ing sensor based on excessively tilted fibre Bragg gratings. Meas Sci Technol.
2009;20(3):034015.

Optical Fibre Sensors Based on UV Inscribed Excessively Tilted Fibre Grating
http://dx.doi.org/10.5772/57146

45



10. Conclusion
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an ETFG based water level sensor with higher sensitivity than an LPG based one.
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1. Introduction

Porous materials are widely used in such industries as chemical, food industry, petrochemis‐
try, medicine, and environmental protection. Nanoporous materials (NM), characterized by a
pore size of 1 to 100 nm, are a great alternative to non-porous materials due to the presence of
a number of unique properties. Among NM are microporous materials (e.g. zeolites) and
mesoporous materials (e.g., porous polymers, aluminum or silicates). According to IUPAC
nomenclature, the definition of "microporous" corresponds to the pore size of 2 nm, the
definition of "mesoporous" corresponds to 2-50 nm [1]. By chemical composition NM are
divided into aluminum silicates, metals, oxides, silicates, consisting only of carbon and organic
polymers. These materials are combined in a high surface area and porosity. NM are used in
various fields of chemistry and technology, depending on their chemical composition, pore
size and distribution, porosity value.

Promising areas in which mesoporous materials can be successfully used are transparent
optical chemical sensors and test methods for the determination of various substances. Sensors
and sensing elements on optically transparent polymeric substrates can be more convenient
in some cases of analytical practice, as they allow to observe visually the color change [2]. To
determine the low concentrations of elements preliminary sorption concentration and
subsequent determination by chemical or physico-chemical methods are used. The optical
transparency of the sorbent allows to carry out the analytical reactions on sorbent surface and
on their basis to develop sorption-photometric and test methods for the determination of
substances.

Complexation reactions of organic reagents and a tested ion are the basis of optical chemical
sensors for metal cations, they are accompanied by color change of the reaction system. In
absorption-based optical sensors, the molecules of organic chromophores are used as a sensing
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layer of the substance (receptor), selectively interacting with the analyte [3]. In the case of an
luminescence-based optical sensor, the molecules of organic luminophorsare receptors. The
latter also became common as active medium in dye lasers.

Indicator papers, indicator tablets, powders, solutions in vials may be used as a substrate.
There is a number of substrates, such as cellulose, ion-exchange resins, superfine silicas,
polyvinyl chloride membranes, etc. where the complexing reagent can be immobilized. The
main requirements to the material of the reagent carrier are optical transparency, high sorption
rates, ease of synthesis, processability, inertness to the reactants, stability in acidic and alkaline
media, high sensitivity to analytes [4].

The natural cellulose polymer is the most widely used as a matrix [5]. A solid carrier is soaked
in the reagent solution and then dried. The process can be one-stage or multistage.

The methods of applying reagents to the polyurethane foams are worked out. These methods
are based on pre-plasticization of polyurethane foam tablets and the subsequent treatment by
small volume of acetone solution of an analytical reagent [6].

Silica gel is a porous, granular silica form synthetically produced from solutions of sodium
silicate or silicon tetrachloride, or substituted chlorosilanes / orthosilicates. The active surface
of silica gel with a large surface area is of great importance in the adsorption and ion exchange.
The modification of the silica gel surface for the analytical reactions is carried out in two
separate ways, viz. the organic functionalization, where the modifier is an organic group; and
inorganic functionalization where a group fixed on the surface can be an organometallic
composite or metal oxide [7].

One of the interesting areas of research is gelatin cured gel applied to the substrate made of a
transparent polymer. Gelatin is a polydisperse mixture of polypeptides prepared by alkaline
or acid hydrolysis of collagen. Biopolymer has high hydrophilicity, transparency in the visible
spectrum, ability to form gels at any weight ratio of water-gelatin. These properties make the
systems with immobilized reagents on the basis of such polymer especially attractive for
analytical reactions involving water as a solvent [8].

In recent years modified ion-exchange materials prepared by sorption, or chemical grafting of
organic reagents using conventional ion exchangers, have found wide application [9]. Such
ion exchangers are used for the selective and group concentration of elements, but the most
valuable thing is that owing to them, an appropriate element can be simultaneously concen‐
trated and determined quantitatively.

There are a number of shortcomings for the known substrates which limit the prevalence of
these materials as the base of optical chemical sensors. Cellulose is non-transparent, has low
resistance to aggressive environments, weak physical and mechanical properties. Polyur‐
ethane foams are also non-transparent and characterized by high desorption of the chromo‐
phores from the pores of the material. Gelatin gels have low physical and mechanical
properties. Ion-exchange sorbents are characterized by the complexity of synthesis and low
kinetic characteristics of sorption.
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Therefore, the search for new optically transparent materials with developed specific surface,
chemical resistance and high physical and mechanical properties is an urgent task of polymer
chemistry and materials science

2. Fundamentals of synthesis of mesoporous polymers based on aromatic
isocyanates

Isocyanates are able to enter into chemical reactions leading to the formation of polymers with
different structure. In most cases for the isocyanates, the reactions of nucleophilic addition of
compounds containing mobile hydrogen atoms are typical. The reactions of isocyanates with
diols and diamines are the most important from a practical point of view. In the presence of
catalysts (tertiary amines, alkoxides and carboxylates of quaternary ammonium base, etc.)
isocyanates go through dimerization and trimerization to form uretidinedions and isocyanu‐
rates [10]. The possibility of catalytic homopolymerization of isocyanates by anionic mecha‐
nism is also known. As a rule, polyisocyanates of amide nature are polyaddition products.
However, in the literature [11] there is information about the formation of polyisocyanate links
of acetal nature (O-polyisocyanates). The possibility of transformations in different directions
is due to the ambident nature of the anion at the end of the growing chain (Figure 1). These
works give the information about obtaining the polyisocyanate links of acetal structure by co-
polymerization of ethylene oxide and aromatic isocyanates using IR spectroscopy and
chemical degradation of the polymer. Typical for these polymers, N = C bond appears in the
IR spectra in the region of 1670-1680 cm-1.

In [12,13] it was established that the open chain analogs of crown ethers, which are block
copolymers of ethylene oxide and propylene oxide containing terminal and potassium
alcoholate groups, are effective initiators of opening the isocyanate groups along the thermo‐
dynamically more stable carbonyl group. It was assumed that the capture of the metal cation
by polyester fragment acting as a linear podand promotes the preferential localization of the
negative charge on the oxygen atom of the growing chain in anionic polymerization. It was
also shown that such polyaddition occurs only when 2,4-tolylene diisocyanate is used
involving isocyanate groups of more active para-position to the reaction process.

Figure 1. Ambident nature of the anionic center in the reaction of 2,4-toluene diisocyanate with alcoholates

Optical Sensors Based on Mesoporous Polymers
http://dx.doi.org/10.5772/57383

49



layer of the substance (receptor), selectively interacting with the analyte [3]. In the case of an
luminescence-based optical sensor, the molecules of organic luminophorsare receptors. The
latter also became common as active medium in dye lasers.

Indicator papers, indicator tablets, powders, solutions in vials may be used as a substrate.
There is a number of substrates, such as cellulose, ion-exchange resins, superfine silicas,
polyvinyl chloride membranes, etc. where the complexing reagent can be immobilized. The
main requirements to the material of the reagent carrier are optical transparency, high sorption
rates, ease of synthesis, processability, inertness to the reactants, stability in acidic and alkaline
media, high sensitivity to analytes [4].

The natural cellulose polymer is the most widely used as a matrix [5]. A solid carrier is soaked
in the reagent solution and then dried. The process can be one-stage or multistage.

The methods of applying reagents to the polyurethane foams are worked out. These methods
are based on pre-plasticization of polyurethane foam tablets and the subsequent treatment by
small volume of acetone solution of an analytical reagent [6].

Silica gel is a porous, granular silica form synthetically produced from solutions of sodium
silicate or silicon tetrachloride, or substituted chlorosilanes / orthosilicates. The active surface
of silica gel with a large surface area is of great importance in the adsorption and ion exchange.
The modification of the silica gel surface for the analytical reactions is carried out in two
separate ways, viz. the organic functionalization, where the modifier is an organic group; and
inorganic functionalization where a group fixed on the surface can be an organometallic
composite or metal oxide [7].

One of the interesting areas of research is gelatin cured gel applied to the substrate made of a
transparent polymer. Gelatin is a polydisperse mixture of polypeptides prepared by alkaline
or acid hydrolysis of collagen. Biopolymer has high hydrophilicity, transparency in the visible
spectrum, ability to form gels at any weight ratio of water-gelatin. These properties make the
systems with immobilized reagents on the basis of such polymer especially attractive for
analytical reactions involving water as a solvent [8].

In recent years modified ion-exchange materials prepared by sorption, or chemical grafting of
organic reagents using conventional ion exchangers, have found wide application [9]. Such
ion exchangers are used for the selective and group concentration of elements, but the most
valuable thing is that owing to them, an appropriate element can be simultaneously concen‐
trated and determined quantitatively.

There are a number of shortcomings for the known substrates which limit the prevalence of
these materials as the base of optical chemical sensors. Cellulose is non-transparent, has low
resistance to aggressive environments, weak physical and mechanical properties. Polyur‐
ethane foams are also non-transparent and characterized by high desorption of the chromo‐
phores from the pores of the material. Gelatin gels have low physical and mechanical
properties. Ion-exchange sorbents are characterized by the complexity of synthesis and low
kinetic characteristics of sorption.
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Therefore, the search for new optically transparent materials with developed specific surface,
chemical resistance and high physical and mechanical properties is an urgent task of polymer
chemistry and materials science

2. Fundamentals of synthesis of mesoporous polymers based on aromatic
isocyanates

Isocyanates are able to enter into chemical reactions leading to the formation of polymers with
different structure. In most cases for the isocyanates, the reactions of nucleophilic addition of
compounds containing mobile hydrogen atoms are typical. The reactions of isocyanates with
diols and diamines are the most important from a practical point of view. In the presence of
catalysts (tertiary amines, alkoxides and carboxylates of quaternary ammonium base, etc.)
isocyanates go through dimerization and trimerization to form uretidinedions and isocyanu‐
rates [10]. The possibility of catalytic homopolymerization of isocyanates by anionic mecha‐
nism is also known. As a rule, polyisocyanates of amide nature are polyaddition products.
However, in the literature [11] there is information about the formation of polyisocyanate links
of acetal nature (O-polyisocyanates). The possibility of transformations in different directions
is due to the ambident nature of the anion at the end of the growing chain (Figure 1). These
works give the information about obtaining the polyisocyanate links of acetal structure by co-
polymerization of ethylene oxide and aromatic isocyanates using IR spectroscopy and
chemical degradation of the polymer. Typical for these polymers, N = C bond appears in the
IR spectra in the region of 1670-1680 cm-1.

In [12,13] it was established that the open chain analogs of crown ethers, which are block
copolymers of ethylene oxide and propylene oxide containing terminal and potassium
alcoholate groups, are effective initiators of opening the isocyanate groups along the thermo‐
dynamically more stable carbonyl group. It was assumed that the capture of the metal cation
by polyester fragment acting as a linear podand promotes the preferential localization of the
negative charge on the oxygen atom of the growing chain in anionic polymerization. It was
also shown that such polyaddition occurs only when 2,4-tolylene diisocyanate is used
involving isocyanate groups of more active para-position to the reaction process.

Figure 1. Ambident nature of the anionic center in the reaction of 2,4-toluene diisocyanate with alcoholates
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Open chain analogs of crown ethers, which are block copolymers of ethylene oxide and
propylene oxide containing terminal potassium alcoholate groups turned out to be effective
initiators of isocyanate groups opening by anionic mechanism. Previously, it was found that
the opening of the isocyanate groups along the N = C bond led to cyclization of polyaddition
products with subsequent formation of polyisocyanurates. However, it turned out that if the
macroinitiators were open-chain analogues of crown ethers there could be created favorable
conditions for the opening of the isocyanate groups along the carbonyl component and the
formation of the polyisocyanate structures of the acetal nature. Earlier in [14], it was shown
that the polymers obtained in this way can reach the free volume up to 20% due to the formation
of mesopores. Until now, there was uncertainty about the causes of the formation of transition
pores in the volume of the polymer, the percentage of O-polyisocyanate blocks and how to
manage the process in terms of creating the most favorable conditions for the formation of
mesoporous polymers. According to the chemical structure of O-polyisocyanate links, their
macroblocked structures are able to exhibit intense intermacromolecular interactions leading
to their segregation.

Polymerization starts from a macromolecular coil representing the block copolymers of
ethylene oxide and propylene oxide. Terminal reactive O-polyisocyanate units exhibit the
ability to stabilize due to their interaction with forming structural fragments of crown ethers
in the coil of macroinitiators.

In turn, the coil of macroinitiator is quite large, larger than 50 nm. The result is that the coil of
macroinitiator contains a great number of macromolecules of open-chain analogs of crown
ethers and is able to engender the growth of O-polyisocyanates' units as well as to stabilize the
reactive terminal units.
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In [15], it was shown that the involvement of the isocyanate groups in the ortho-position into
the reaction with latent water with the following formation of urea groups contributed to
stabilization of O-polyisocyanate blocks.

In this case the initiation and stabilization acquired rigorous multi-dimensional geometry in
the space, the result of which was the cell structure with voids similar to honeycombs (Figure 2).
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Figure 2. Scheme of the pores formation in the polymer based on anionic macroinitiator and 2,4-
toluene diisocyanate

Evaluation of the sorption capacity of the polymers was carried out by water absorption. The 
adsorption isotherm of water vapor for the polymer sample was S-shaped, which is typical for 

Figure 2. Scheme of the pores formation in the polymer based on anionic macroinitiator and 2,4-toluene diisocyanate

Evaluation of the sorption capacity of the polymers was carried out by water absorption. The
adsorption isotherm of water vapor for the polymer sample was S-shaped, which is typical for
polymers with transition pores (Figure 3). The specific surface area of sorbents was calculated
by the equation proposed by Brunauer, Emmett and Teller and was 75 m2/g. According to [16],
the specific surface of transitional pores (mesopores) is in the region of 20-200 m2/g.
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Figure 3. Water sorbtion curve for mesoporous polymer

Additional information about the processes of geometry of supramolecular structures in these
polymers was obtained by using atomic force microscopy (Figure 4).

Figure 4. AFM image of a mesoporous polymer

3. Features of the organic chromophores immobilization in mesoporous
polymers

Reactants, slightly soluble in water, are preferred, since the test-forms are more stable during
storage and they are weakly leached from the test matrix during the contact with the test liquid.
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When slightly water-soluble reactants are immobilized on the carriers, their solutions in
organic solvents are used or the reagents are applied in the form of fine powder. To increase
the binding strength of the agent with the carrier the chemical bonds are formed between them
(chemical immobilization). For immobilization by covalent bonding (chemical immobiliza‐
tion) cellulose, polymers sorbents and silica gels are used as carriers. However, the "physical"
fixing is usually much simpler, so it is quite widespread.

The presence of voids in the mesoporous polymer was the reason to immobilize organic
polymer-supported reagents. The study of sorption processes of luminophores in polymers is
of interest in connection with the possibility of obtaining laser media and sensors for photo‐
metric and luminescent determination of metal cations.

The study of the sorption properties of the polymeric material with respect to organic lumi‐
nophores was carried out by electronic spectroscopy (Figure 5).

Figure 5. Electronic spectra of the solution of rhodamine 6G (1) in ethanol and rhodamine 6G, immobilized in the
mesoporous polymer (thickness of the cuvette for the solution and the polymer sample was 0.1 cm)

As the luminophore rhodamine 6G (R6G) was selected and used to determine gold cations. A
solution of R6G of the given concentration was obtained and the maximum value of the optical
density was determined. According to the Bouguer-Lambert law the molar absorption
coefficient for the solution of rhodamine 6G was calculated. Rhodamine 6G was sorbed on the
polymer. The value of the optical density of the polymer sample doped with R6G at λmax = 530
nm was measured. The calculation of dye concentration in the polymer was performed. It was
established that electron spectra of organic agents on polymer carriers did not have substantial
changes in comparison with the spectrum of their solutions. It was established that adsorption
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of organic phosphor 6G rhodamine is accompanied by its concentration of polymer matrix.
The dye concentration in the polymer was 3 times more than in the initial solution. This fact
points to the flow of intense adsorption of rhodamine 6G in the voids of the polymer.

4. Mesoporous polymers as laser active media

Dye lasers are used for spectroscopic studies to improve the sensitivity, spectral and temporal
resolution by several orders of magnitude compared to traditional methods of spectroscopy.
They can also be used where high energy of laser radiation is not needed. Typically, in dye
lasers the solutions of dyes (solvents - water, alcohols, benzene derivatives, etc.), rarely dyes
activated polymeric materials - polymethyl methacrylate, epoxy resin, polyurethane, etc. are
used which are called polymeric laser-active media. However, these media have a number of
drawbacks that make them difficult to use. For example, the polymer and dye undergo
relatively rapid photodegradation, so the active medium often has to be changed.

Nowadays, thanks to the efforts of chemists and physicists, solid-state active media for tunable
lasers are made with parameters as good as solutions' parameters. In recent years the interest
in the emission of organic molecules in the thin films is growing due to the possibility of using
them as the base for photoexcitating microlasers and the materials for OLEDs. Polymers have
great advantages over other materials. They show high optical uniformity, good compatibility
with organic dyes and at the same time they are cheap and manufacturable. The latter facilitates
the miniaturization and embeddability in optical systems.

Laser properties of mesoporous and nonporous polymers doped with rhodamine 6G dye were
investigated for comparison. Because of specific samples forms it wasn’t possible to measure
laser efficiency directly. To estimate the laser efficiency, operating life-time amplified sponta‐
neous emission (ASE) under transverse pump by the second harmonic of Q-switched Nd:YAG
laser (pulsewidth was 12 ns, pulse repetition rate was 10 Hz) was measured. The pumping
region had a form of a stripe with 27 µm width and length close to the sample length. Maximum
intensity at the beam waist at the sample was 25 MW/cm2. The ASE was observed from two
opposite samples cuts inside the cones with axis parallel to pump region in such setup
configuration. The intensity of the ASE was measured from one side of the investigated sample
with piroelectric energy sensor Ophir PE-9 (ASE was focused by spherical lens). Simultane‐
ously from the other side of the sample ASE spectra were measured with wide-range spec‐
trometer S100. At the pump intensity 25 MW/cm2 the spectral half-width of the ASE didn’t
exceed 5 nm for all investigated samples (Figure 6).

Photostability of Rhodamine 6G in the mesoporous polymer at low pump energies (12.5 MW/
cm2) amounted to 115000 pulses, at high energies (25 MW/cm2) - 60000 pulses. The energy of
stimulated emission during irradiation reached maximum and then began to fall compared to
the original value. The most widespread material for the solid-state polymer dye lasers is
nonporous polymethylmethacrylate (PMMA). Therefore, the PMMA with R6G was chosen for
comparison. Halving ASE energy of the PMMA doped with R6G was observed at around 200

Optical Sensors - New Developments and Practical Applications54

pulses, that is, about 175 times smaller than for the mesoporous polymer. PMMA demonstrates
exponential ASE decay (Figure 7).
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pulses, that is, about 175 times smaller than for the mesoporous polymer. PMMA demonstrates
exponential ASE decay (Figure 7).
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Thus, the processes of generation of laser radiation and photochemical aging of organic
luminophors in mesoporous and non-porous polymers were studied. It was shown that in the
mesoporous polymers organic luminophors were able to generate laser radiation and high
radiation resistance.

5. Mesoporous polymers as basis for optical chemical sensors

Organic chromophores react selectively with ions of many metals forming chelate complexes
which are intensely colored. The reactions of complex forming organic chromophores and the
ion being identified accompanied by color change of the reaction system are the foundation of
chemical test methods on metal cations.

Figure 8. Scheme of the organic chromophore concentration and complex formation with metal ions in mesoporous
polymers

In this work, as organic chromophores were used 1-(2-pyridylazo)-2-naphthol (PAN),
arsenazo III and phenazo as reactants, soluble salts of copper CuSO4 and cobalt CoCl2,
manganese MnCl2, lanthanum LaCl3, calcium CaCl2, magnesium MgCl2 as analytes.

Organic chromophores arsenazo III, phenazo and 1-(2-pyridylazo)-2-naphthol (PAN) have the
chemical structure shown in Figure 9.

Immobilization of the organic reagent PAN on mesoporous carriers was carried out by its
adsorption from solution in ethanol. It was found that the electron spectrum of PAN on the
polymeric carrier was not changed significantly compared with the spectrum of its solution
(Figure 10).
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Figure 10. The electronic spectrum of PAN in the mesoporous polymer

To determine the sensitivity limits of complexing reactions of organic reagent with metal
cations a series of solutions with salt concentrations 10-1 g/l, 10-2, 10-3 g/l, 10-4 g/l and 10-5 g/l was
prepared. Polymeric carriers modified with organic reagent were kept in solutions of respec‐
tive salt for one hour.

Complexes of copper and PAN, PAN and manganese stained polymer in red, complex of cobalt
and PAN stained in purple. The value of λmax of PAN complexes with metals when it trans‐
ferred from solution to mesoporous polymers was not changed. The analysis of the absorption
spectra shown in Figures 11 and 13, revealed that 1-(2-pyridylazo)-2-naphthol in mesoporous
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polymers was able to interact with the metal cations. The height of the characteristic band of
the complex PAN - metal depends on the concentration of metal in solution, which further will
allow to carry out not only qualitative but also quantitative analysis of metal content.

Figure 11. Electronic spectra of the Cu - PAN complex, immobilized in a mesoporous polymer by adsorption from sol‐
ution,

[CuSO4]= 10-1 g/l (1), 10-2 g/l (2), 10-3 g/l (3), 10-4 g/l (4), 10-5 g/l (5)

Figure 12. The calibration curve for the Cu - PAN complex in the mesoporous polymer

Optical Sensors - New Developments and Practical Applications58

Figure 13. Electronic spectra of the Co - PAN complex, immobilized in a mesoporous polymer by adsorption from sol‐
ution,

[CoCl2]= 10-1 g/l (1), 10-2 g/l (2), 10-3 g/l (3), 10-4 g/l (4), 10-5 g/l (5)

Figure 14. The calibration curve for the Co - PAN complex in the mesoporous polymer

The analysis of the absorption spectra and calibration curves shown in Figures 10 - 14 for 1-(2-
pyridylazo)-2-naphthol in mesoporous polymers revealed that the sensitivity of the complex‐
ation reaction of PAN and manganese cations on solid carriers was 10-5 g/l.

Phenazo chromophore forms with magnesium in alkaline medium an adsorption compound
of blue-purple color, the reagent solution is painted in crimson. The absorption maxima of
reagent and its complex with magnesium are observed at 490 and 560 nm, respectively. For
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the reagent and compound with magnesium a molar absorption coefficient is 13900 and 35400,
respectively [20]. The optimum concentration of NaOH is 1-2N. Colouring of magnesium
compound is stable for 1 hour.

Phenazo's spectra and its complexes with magnesium adsorbed in the pores of the polymer
are shown in Figure 15. The limit of sensitivity of complexation reaction of chromophore with
magnesium in this case was 10-5 g/l.

Figure 15. Electronic spectra of the Mg - Phenazo complex, immobilized in a mesoporous polymer by adsorption from
solution,

[MgCl2]= 10-1 g/l (1), 10-2 g/l (2), 10-3 g/l (3), 10-4 g/l (4), 10-5 g/l (5)

Figure 16. The calibration curve for the Mg - Phenazo complex in the mesoporous polymer
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The main feature of the reagent arsenazo III is its ability to form very strong chelates with
elements. The good contrast of complexes and large values of molar absorption coefficient
(50•103 - 130•103) along with the ability to reach high dilutions without dissociation of
complexes provides high sensitivity of reactions - up to 0.01 µg/ml.

A maximum of the electronic spectrum of arsenazo III corresponds to a wavelength of 540 nm.
From the literature [20], it is known that the absorption spectra of the complex of lanthanum
with arsenazo III have the maximum at wavelength of 665 nm and a molar extinction coefficient
of the complex 4.5 104, the maximum of the absorption spectrum of the complex of calcium
and arsenazo III occurs at the wavelength of 655 nm, the molar extinction coefficient of complex
is 104.

Figure 17 shows the electronic spectrum of mesoporous polymer-modified arsenazo III. The
spectrum does not change much compared to the spectrum of an aqueous solution of arsenazo
III. Modified films were studied as an analytical sensor for detecting lanthanum and calcium.
Figures 18 and 20 show the electronic spectra corresponding to the complexes of arsnazo III
with calcium and lanthanum. It was found that complexes of arsenazo III with lanthanum and
calcium, immobilized on a polymer, have clearly expressed characteristic bands on the
electronic spectra. In case of the complex arsenazo III - calcium the bands at 600 and 655 nm
are observed, for the complex arsenazo III - lanthanum the bands appear at 605 and 665 nm.

Figure 17. The electronic spectrum of arsenazo III in the mesoporous polymer
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Figure 18. Electronic spectra of the Ca - Arsenazo III complex, immobilized in a mesoporous polymer by adsorption
from solution,

[CaCl2]= 10-1 g/l (1), 10-2 g/l (2), 10-3 g/l (3), 10-4 g/l (4), 10-5 g/l (5)

Figure 19. The calibration curve for the Ca – Arsenazo III complex in the mesoporous polymer
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Figure 20. Electronic spectra of the La - Arsenazo III complex, immobilized in a mesoporous polymer by adsorption
from solution,

[LaCl3∙6H2O]= 10-1 g/l (1), 10-2 g/l (2), 10-3 g/l (3), 10-4 g/l (4), 10-5 g/l (5)

Figure 21. The calibration curve for the La – Arsenazo III complex in the mesoporous polymer
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For the polymer matrix modified with arsenazo III, the limit of sensitivity to calcium and
lanthanum ions was determined. The maximum concentration at which the metal ions were
detected was 10-5 g/l.

6. Conclusion

Optically transparent mesoporous block copolymers with regulated free volume were
obtained by polyaddition of 2,4-toluene diisocyanate to anionic macroinitiators. It is estab‐
lished that the void formation is conditioned by the geometry of block copolymer self-
assembly.

It is established that the chemical nature of a solvent influences the mechanism of polyaddition
of 2,4-toluene diisocyanate to the anionic macroinitiator which is a potassium substituted block
copolymer of propylene oxide with ethylene oxide.

It is shown that ethyl acetate is the most advantageous solvent for the predominant formation
of O-polyisocyanate blocks during the polyaddition of 2,4-toluene diisocyanate to the anionic
macroinitiator.

Polymer laser active media based on mesoporous polymers doped by organic luminophores
were obtained. The possibility is shown to obtain the induced emission of Rhodamine 6G in
mesoporous polymers. It is shown that photochemical stability of organic chemical agent and
luminophor rhodamine 6G in polymers made up more than 70,000 pulses.

It was shown that the polymer mesoporous structure provides the possibility to immobilize
organic chromatophores in mesoporous polymers. It was established that adsorption proc‐
esses of organic luminophore of rhodamine 6G were accompanied by the processes of its
concentration in a polymer matrix.

The polymer laser-active media based on mesoporous polymers doped by organic chromato‐
phores were obtained. The possibility to obtain the induced emission of radiation of rhodamine
6G in mesoporous polymers was shown. It was also shown that photochemical stability of an
organic reagent and luminophore of rhodamine 6G in polymers made up 70.000 pulses.

The qualitative reactions of organic chromatophores arsenazo III, PAN, and phenazo with
metal cations on a mesoporous polymer carrier were carried out. It was shown that reaction
sensitivity of compex formation of metals and chromatophores on mesoporous polymer
substrate made up 10-5 g/l.
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1. Introduction

The development of new radiation source technologies has a major impact on the progression
of optical trace gas detection [1]. Especially semiconductor diode lasers have proven to be
extraordinarily suitable devices for spectroscopic sensors. Their small size and their low
acquisition cost are here valuable properties. However, it is particularly advantageous that
their emission can spectrally be tuned simply via their operating temperature and operating
current. Furthermore, diode lasers can be directly modulated via their injection current.
Therefore, they represent particularly suitable radiation sources for photoacoustic spectrosco‐
py because this technique is based on the absorption of modulated radiation and its transfor‐
mation into a sound wave. As an offset-free technique it enables extremely high detection
sensitivity [2].

Continuous-wave (cw) single-frequency diode lasers, like distributed feedback (DFB) lasers,
are particularly suitable for spectroscopy because they avoid any cross-sensitivity and enable
very selective gas detection [3,4]. DFB devices were originally developed for the telecommu‐
nication industry and can conveniently be operated at room temperature. Meanwhile,
available emission wavelengths cover the entire near-infrared spectral range (800 nm – 3000
nm). Most recently, DFB lasers operating in the mid-infrared were introduced (> 3000 nm) [5].
The alternative concept of interband cascade lasers (ICL) covers almost the complete mid-
infrared from 3 µm to 6 µm [6]. This wavelength range is extraordinarily important for trace
gas detection since many molecules have their strong fundamental vibrational absorption
bands in this region, enabling extremely high detection limits. These devices close the gap to
quantum cascade lasers (QCL), which are currently available with single-frequency emission
wavelengths starting around 4 µm (multimode at 3 µm) [7].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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However, semiconductor lasers suffer from the considerable weakness that their spectral
tuning range is limited to a few nanometers only [4]. As a result of that, the analysis of a gas
mixture typically requires the use of a separate laser for each gas component. This makes
tunable diode laser spectroscopy expensive and too complex for many applications. A wider
spectral tuning range would solve the problem and is, therefore, highly desirable for further
practical applications.

This study presents a new photoacoustic gas detection scheme based on a widely tunable
coupled-cavity photonic crystal laser operating around 1900 nm. Chapter 2 covers the structure
and design of this custom-made room temperature continuous-wave laser followed by
measurements of the unique performance characteristics. The new device was designed to
enable sensitive detection of water vapor (H2O). Chapter 3 describes the photonic crystal laser
based gas sensor and presents photoacoustic measurements of water spectra. The concluding
Chapter 4 summarizes the results.

2. Photonic crystal laser

2.1. Basics

2.1.1. Photonic crystals

Photonic crystals are materials with a spatial periodicity in their dielectric constant. Under
certain conditions, photonic crystals can create a photonic bandgap, i.e. a frequency window
in which propagation of electromagnetic radiation through the crystal is inhibited. Light
propagation in a photonic crystal is similar to the propagation of electrons and holes in a
semiconductor. An electron passing through a semiconductor experiences a periodic potential
due to the ordered atomic lattice. The interaction between electron and the periodic potential
results in the formation of energy bands and bandgaps. It is not possible for the electron to
pass through the crystal if its energy falls in the range of the bandgap. However, defects or a
break in the periodicity of the lattice can locally abolish the bandgap and give rise to interesting
electronic properties [7,8].

Figure 1. Three-dimensional schematic diagram of photonic crystal structures (courtesy of nanoplus Nanosystems and
Technologies GmbH).
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Photons in a material with a periodic dielectric constant (index of refraction) experience similar
effects. By varying the lattice parameters of these so called photonic crystals, photonic bandgap
structures can be obtained that prohibit the propagation of light into the crystal structure. This
effect can be used to define optical waveguide structures with very strong lateral light
confinement compared to conventional ridge waveguides (of the order of the wavelength) as
well as optical filters and wavelength selective reflectors [9,10].

In order for a photon to interact with its periodic environment, its wavelength must be
comparable to the periodicity of the lattice. For visible to near-infrared radiation the lattice
constant must be in the range of 100 nm to 1 µm. Figure 1 depicts a three-dimensional schematic
diagram of photonic crystal structures (courtesy of nanoplus Nanosystems and Technologies
GmbH). The yellow blocks on top represent contacts.

2.1.2. Device structure

The photonic crystal laser we are employing in our optical gas sensor is based on an InAs/
InGaAs quantum dash-in-a-well structure grown on InP substrate by gas source molecu‐
lar beam epitaxy. A short period superlattice structure is used for photon confinement. Due
to their wide spectral gain bandwidth dash-in-a-well structures are particularly well suited
for wavelength tuning applications. The photonic crystal is realized by air-semiconductor
structures defined by electron beam lithography and etched into the laser structure by an
inductively coupled plasma etch step. The structure comprises a hexagonal lattice with a
lattice period of 485 nm and an air fill factor of 30%. The air-filled holes in the semiconduc‐
tor material exhibit a diameter of 350 nm and a depth of 3 µm. These lattice parameters
are chosen so that the middle of the photonic bandgap coincides with the device’s emission
wavelength. The photonic crystal structures are forming multiple lateral and longitudinal
photon  confinements  as  well  as  two  independently  contacted  laser  segments.  A  wave‐
guide is  defined by seven rows of  missing holes in a ГK oriented photonic crystal.  The
photonic crystal  mirror at  the rear end of the laser diode is  oriented in ГM direction in
order to present a smooth boundary to the traveling light mode, thus, reducing scattering
losses. Coupling of the two laser cavities is provided by a photonic crystal coupling section
consisting of two rows of etched holes.  The output mirror is formed by a single row of
holes. A scanning electron micrograph of the rear, middle and front part of the photonic
crystal laser fabricated by nanoplus Nanosystems and Technologies GmbH in Gerbrunn,
Germany can be seen in Figure 2 [11,12].

The photonic crystal laser integrates two longitudinally coupled Fabry-Pérot (FP) resonators.
The main advantage of this principle called coupled cavities is that sophisticated grating
structures which are difficult and expensive to implement are avoided. Instead, due to the
inverse length dependence of mode spacing in a FP resonator, different mode spacings can be
realized by implementing different cavity lengths in each segment. Table 1 lists the lengths
and according mode spacings of the two photonic crystal laser segments. The coupled cavity
laser diode is emitting radiation in the 1.9 µm wavelength range.
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• segment no. cavity length mode spacing

• 1 (long, rear) 336 µm 1.59 nm

• 2 (short front) 241 µm 2.22 nm

Table 1. Cavity lengths and mode spacings of the two photonic crystal laser segments.

2.2. Characterization

The optical output power and the spectral emission of the photonic crystal laser were experimen‐
tally investigated. The results are presented in the following subsections. However, not all of
the laser parameters important for practical applications have been studied yet. Particularly the
temporal stability of wavelength and optical power as well as the sensitivity to environmen‐
tal factors such as ambient temperature and relative humidity have to be examined.

2.2.1. Emission power

The photonic crystal laser is working in continuous-wave mode (cw). Both laser segments can
be operated separately, each with a maximum current of 120 mA. Similarly to traditional diode
lasers, the optical output power of the photonic crystal laser depends on temperature and
current. The emission power as function of the operating currents of the two laser segments
has been measured using the laser diode controller LDC402B/TED 420 from Profile and a Nova
ΙΙ Laser Power Meter with thermal head 3A-FS-SH from Ophir Optronics.

Figure 3 displays the results recorded at an operating temperature of 20°C. It is obvious that
the power is a relatively complex function of the two currents, compared to a traditional single
cavity laser. The power is not proportional to the currents. Therefore, normalization according
to the instantaneous optical emission power is mandatory for the exact measurement of
absorption spectra. Otherwise falsifications will occur. The threshold currents of the laser

Figure 2. Scanning electron micrograph of the rear, middle and front part of the photonic crystal laser fabricated by
nanoplus Nanosystems and Technologies GmbH in Gerbrunn, Germany [11,12].
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segments depend on the operating current of the respective other segment and are between
20 mA and 35 mA for segment 1 and between 35 mA and 50 mA for segment 2, respectively.
The laser provides a maximum emission power of approximately 1.3 mW.

2.2.2. Emission wavelength

Similarly to traditional semiconductor lasers, the spectral emission of the photonic crystal
device can be tuned by changing the effective index of refraction of the semiconductor material.
This can be achieved by varying the temperature or the carrier density. For the purpose of
wavelength tuning via temperature, the laser is equipped with a Peltier element (thermoelec‐
tric cooler) and a thermo-resistant temperature sensor. Its operating temperature can be
adjusted between 10°C and 35°C (i.e. around room temperature). The carrier density is
determined by the operating current.

The two independent laser segments are each supporting several discretely spaced lasing
modes (see Table 1). Single mode emission occurs if the overlap between two peaks is suffi‐
ciently large, i.e. their wavelengths are approximately equal. Independently changing the two
segment’s effective indexes of refraction results in a shift of the two mode combs relative to
each other, which is accompanied by a significant change in the laser emission wavelength.
This is known as the Vernier effect [13,14]. The selected segment lengths ensure that a good
overlap exists for one pair of laser modes only, for most combinations of electrical currents.

This tuning mechanism for the two coupled cavities of the photonic crystal laser is schemati‐
cally displayed in Figure 4. The operating current of segment 2, I2, is successively increased
while the operating current of segment 1, I1, is kept constant. Initially, the “red” mode is emitted
because their two counterparts feature the best overlap. Its wavelength can continuously be
tuned by current I2 until the accordance between the “green” modes becomes better than that

Figure 3. Optical output power of the photonic crystal laser as function of the operating currents of the two laser
segments.
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of the “red”. Consequently, the mode-hop (a) of Δλa = -1 × 1.59 nm takes place. If current I2 is
further increased, the hop (b) of Δλb = +3 × 1.59 nm to mode “yellow” and, subsequently, hop
(c) of Δλc = -4 × 1.59 nm to mode “blue” will occur, each after some continuous tuning.
Wavelength tuning with the coupled-cavity photonic crystal laser is, therefore, considered
“quasi-continuous” (discretely separated ranges of continuous tuning).

Measurements of the emission wavelength as function of both operating currents were
conducted using the laser diode controller LDC402B/TED 420 from Profile and a Fourier
transform infrared spectrometer with a DTGS detector (Newport FTIR 80250). Figure 5 shows
the emission wavelength as function of I2 while I1 is kept constant at 45 mA. Mode-hops (a),
(b), and (c) are marked. A similar behavior can be observed if the current of segment 1, I1, is
increased while I2 is kept constant. Figure 6 shows the results for I2 = 65 mA. According mode-
hops are marked.

Table 2 lists the complete measuring results recorded at an operating temperature of 15°C.
Wavelengths are in nm. Empty table cells are affiliated with operating parameters which did
not allow single-mode operation. During single-mode operation a sidemode-suppression-
ratio (SMSR) larger than 20 dB was achieved.

A total tuning range of more than 20 nm (1900 nm – 1920 nm) was observed which is approx‐
imately four times as wide as that of traditional semiconductor lasers. Single-mode emission
wavelengths in the spectral proximity of water absorption lines are highlighted in Table 2
(1905.7 nm, 1906.7 nm, 1907.0 nm, 1909.0 nm, 1910.6 nm, 1913.4 nm, 1914.9 nm). The according
water vapor absorption spectrum is displayed in Figure 7. It was calculated for a concentration
of 1% at room temperature (20°C) and atmospheric pressure (1013 hPa) using the HITRAN
database [15]. Absorption lines that are spectrally accessible with the photonic crystal laser are
marked. The colors are corresponding to the highlighted cells in Table 2.
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Figure 5. Emission wavelength of the photonic crystal laser as function of segment 2 current, I2, (I1 = 45 mA = con‐
stant).

Figure 6. Emission wavelength of the photonic crystal laser as function of segment 1 current, I1, (I2 = 65 mA = con‐
stant).
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Table 2. Emission wavelength in nm as function of the operating currents of the two laser segments recorded at an
operating temperature of 15°C [16].
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Varying the currents in both segments simultaneously enables fine-tuning of the emission
wavelength. A combination of coarse and fine tuning mechanisms enables scanning of larger
absorption spectra with a single laser device.

Photonic Crystal Laser Based Gas Sensor 9

Fig. 7. Water vapor absorption spectrum for a concentration of 1% at room temperature 
(20°C) and atmospheric pressure (1013 hPa) according to the HITRAN database [16]. 
Absorption lines that are spectrally accessible with the photonic crystal laser are marked. 
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Figure 7. Water vapor absorption spectrum for a concentration of 1% at room temperature (20°C) and atmospheric
pressure (1013 hPa) according to the HITRAN database [15]. Absorption lines that are spectrally accessible with the
photonic crystal laser are marked.

3. Photoacoustic sensor

3.1. Photoacoustic spectroscopy

The  new  optical  analyzer  based  on  the  photonic  crystal  laser  is  using  photoacoustic
spectroscopy.  Photoacoustic  or  optoacoustic  spectroscopy  (PAS  /  OAS)  is  based  on  the
photoacoustic effect that was discovered in 1880 by Alexander Graham Bell [17]. One year
later,  Wilhelm Conrad Roentgen published a  paper  on the  application  of  photoacoustic
spectroscopy on gas [18].

Figure 8. Schematic setup for photoacoustic spectroscopy.
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Table 2. Emission wavelength in nm as function of the operating currents of the two laser segments recorded at an
operating temperature of 15°C [16].
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Varying the currents in both segments simultaneously enables fine-tuning of the emission
wavelength. A combination of coarse and fine tuning mechanisms enables scanning of larger
absorption spectra with a single laser device.
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Fig. 7. Water vapor absorption spectrum for a concentration of 1% at room temperature 
(20°C) and atmospheric pressure (1013 hPa) according to the HITRAN database [16]. 
Absorption lines that are spectrally accessible with the photonic crystal laser are marked. 
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photoacoustic effect that was discovered in 1880 by Alexander Graham Bell [18]. One year 
later, Wilhelm Conrad Roentgen published a paper on the application of photoacoustic 
spectroscopy on gas [19].  

Fig. 8. Schematic setup for photoacoustic spectroscopy. 

Just like all other spectroscopic techniques photoacoustics is based on the interaction 
between matter and electromagnetic radiation[1]. If a sample is irradiated with resonant 
electromagnetic radiation, i.e. the light frequency coincides with vibrational or rotational 
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Figure 7. Water vapor absorption spectrum for a concentration of 1% at room temperature (20°C) and atmospheric
pressure (1013 hPa) according to the HITRAN database [15]. Absorption lines that are spectrally accessible with the
photonic crystal laser are marked.

3. Photoacoustic sensor

3.1. Photoacoustic spectroscopy

The  new  optical  analyzer  based  on  the  photonic  crystal  laser  is  using  photoacoustic
spectroscopy.  Photoacoustic  or  optoacoustic  spectroscopy  (PAS  /  OAS)  is  based  on  the
photoacoustic effect that was discovered in 1880 by Alexander Graham Bell [17]. One year
later,  Wilhelm Conrad Roentgen published a  paper  on the  application  of  photoacoustic
spectroscopy on gas [18].

Figure 8. Schematic setup for photoacoustic spectroscopy.
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Just like all other spectroscopic techniques photoacoustics is based on the interaction between
matter and electromagnetic radiation [1]. If a sample is irradiated with resonant electromag‐
netic radiation, i.e. the light frequency coincides with vibrational or rotational eigenmodes of
the irradiated molecules, photons are absorbed and a fraction of the molecules is excited into
an energetically elevated state.

After the so-called lifetime of the excited state the molecules relax, radiantly or non-radiantly,
back into their ground state. PAS is using the part of the energy that is transferred into kinetic
energy of collision partners via inelastic collisions (non-radiant relaxation). The velocity of the
colliding gas molecules increases. However, an increase of the molecule’s average velocity is
equivalent with an increase of the temperature of the gas. As long as the sample can be
approximately considered an ideal gas, a higher temperature results in a thermo-elastic
expansion of the sample which is, at constant volume, equivalent to a local increase of the
pressure.

If the irradiation of the sample is interrupted, heat conduction and shear stress lead to a quick
deduction of the thermal energy via cell walls and gas volume and, therefore, to a reduction
of the pressure back to the initial value. Modulated radiation results in a small periodic
pressure variation (typically 10-6 to 10-3 Pa) with the modulation frequency of the radiation
source, the so-called photoacoustic signal. The detection of this sound wave by a microphone
eliminates the offset (usually the atmospheric pressure), since only changes of pressure are
detected. The usually following phase-sensitive measurement of the microphone signal with
a lock-in amplifier generates a constant signal [2].

The schematic experimental set-up for photoacoustic spectroscopy is shown in Figure 8. It
displays a laser whose radiation is mechanically modulated with a chopper and guided
through the sample cell that contains the microphone.

Since a photoacoustic signal is produced only when light is absorbed, PAS is, contrary to
transmission spectroscopy, considered an offset-free technique. The photoacoustic signal, S,
is directly proportional to the concentration of absorbing molecules, ρ, the absorption cross-
section of the molecular transition, σ, and the optical output power of the radiation source, P0,

S =ρ·σ· P0· CCELL (1)

The proportionality factor, CCELL, is often called the cell constant because it primarily depends
on the geometry of the sample cell. To a certain extent, however, it is also a function of the
beam profile and position, the microphone sensitivity and the modulation function of the light
source. The cell constant and, therefore, the sensitivity of a photoacoustic sensor can be
considerably improved by taking advantage of acoustical resonances of the sample cell.
Modulating the laser radiation at a frequency equivalent to an acoustical mode of the cell
enables an enormous enhancement of the signal [19].

Gas sensors based on the photoacoustic effect allow the detection of extremely low concen‐
trations. Detection limits of the order of parts-per-trillion are achievable [2]. Using spectrally
fine radiation photoacoustic gas detection is also a very selective method. It is even possible
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to discriminate different isotopes of one molecule [20]. With a spectrally tunable single-
frequency radiation source the absorption coefficient α of the absorbing gas component can
directly be measured as function of the wavelength α(λ) [21]. We applied this method and
recorded water vapor spectra within the continuously tunable wavelength ranges of the
photonic crystal laser.

In summary, photoacoustics is an extremely powerful technique and its field of application
reaches from gas detection for medical diagnostics [22] to imaging with photoacoustic
tomography [23] and is still growing.

3.2. Experimental setup

Figure 9 depicts the experimental setup of the photonic crystal laser based gas sensor.
Temperature and electrical currents for the two laser segments are controlled using the laser
diode controller LDC402B/TED 420 from Profile. The radiation is mechanically modulated by
a high-precision chopper (Scitec Instruments; type 300 CD). After passing the sample cell, the
optical power is measured by a thermopile detector (Ophir Laser Measurement Group; type
NOVA II with thermal head 3A-FS-SH). Due to the very small absorptions of water vapor in
the investigated spectral region the signal qualifies for the power normalization of the
photoacoustic signal.

Figure 9. Experimental setup of the photonic crystal laser based gas sensor.

The measuring chamber features the well-established H geometry [24]. It combines a thin
cylindrical resonator of diameter d1 = 6 mm and length l1 = 60 mm with two cylindrical buffer
volumes of diameter d2 = 24 mm and length l2 = 30 mm at the ends. The overall absorption
length of the cell is 120 mm. Its first longitudinal mode has a resonance frequency of approx‐
imately 2,800 Hz which was chosen as the modulation frequency. The cell is made of Teflon
(PTFE) and the windows are of CaF2.
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fine radiation photoacoustic gas detection is also a very selective method. It is even possible
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to discriminate different isotopes of one molecule [20]. With a spectrally tunable single-
frequency radiation source the absorption coefficient α of the absorbing gas component can
directly be measured as function of the wavelength α(λ) [21]. We applied this method and
recorded water vapor spectra within the continuously tunable wavelength ranges of the
photonic crystal laser.

In summary, photoacoustics is an extremely powerful technique and its field of application
reaches from gas detection for medical diagnostics [22] to imaging with photoacoustic
tomography [23] and is still growing.

3.2. Experimental setup

Figure 9 depicts the experimental setup of the photonic crystal laser based gas sensor.
Temperature and electrical currents for the two laser segments are controlled using the laser
diode controller LDC402B/TED 420 from Profile. The radiation is mechanically modulated by
a high-precision chopper (Scitec Instruments; type 300 CD). After passing the sample cell, the
optical power is measured by a thermopile detector (Ophir Laser Measurement Group; type
NOVA II with thermal head 3A-FS-SH). Due to the very small absorptions of water vapor in
the investigated spectral region the signal qualifies for the power normalization of the
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Figure 9. Experimental setup of the photonic crystal laser based gas sensor.
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volumes of diameter d2 = 24 mm and length l2 = 30 mm at the ends. The overall absorption
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imately 2,800 Hz which was chosen as the modulation frequency. The cell is made of Teflon
(PTFE) and the windows are of CaF2.
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The photoacoustic signal is detected by an electret microphone (Primo Microphones GmbH;
EN158N), pre-amplified (PAS-Analytik; Amp1) and phase-sensitively recorded (Signal
Recovery; Model 7265). The lock-in amplifier uses the output signal of the chopper as reference
signal. It measures the absolute value of the photoacoustic signal with a time constant of 1 s.
A CaF2 beamsplitter separates a small fraction of the radiation for spectral characterization
with a Fourier transform infrared spectrometer (FTIR; MIRTM 8025 Model 80250 manufactured
by Newport Corporation).

3.3. Measurements

Using the experimental setup described in the previous subsection, photoacoustic spectra of
ambient air at atmospheric conditions (1% H2O, 20°C, 1013 hPa) were recorded. At four
constant operating currents of laser segment 2 (I2 = 50 mA / 55 mA / 60 mA / 75 mA), the current
of laser segment 1 was tuned as far as continuously (mode-hop free) possible. The laser
temperature was held constant at 20°C. Converting current values into corresponding
emission wavelengths using previously acquired data (see e.g. Table 2) wavelength dependent
absorption plots were generated. The variation in laser output power was compensated by
means of normalization according to the instantaneous optical emission power.

Figure 10 displays the four spectra, each one of a single absorption line. As can be seen, the
measured photoacoustic signal (crosses) closely tracks the absorption data for water vapor as
provided by the HITRAN database [15] (solid line). No cross-sensitivities with other compo‐
nents of air occurred.
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Figure 10. Four photoacoustic spectra of ambient air at atmospheric conditions (1% H2O, 20°C, 1013 hPa), recorded
at constant operating current of laser segment 2 (I2) by tuning the operating current of segment 1 (I1) together with a
water vapor absorption spectrum according to the HITRAN database [15].
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4. Conclusion

We presented a new optical gas detection scheme based on a photonic crystal laser. We showed
emission and operation parameters of this radiation source as well as measured spectra of H2O
at 1910 nm.

The optical gas sensor based on the photonic crystal laser provides some considerable
advantages over those based on traditional semiconductor lasers. The wide spectral tunability
of more than 20 nm allows multigas detection using only one laser. Since the emission
wavelength is primarily determined by the two laser currents, its spectral tuning is very fast.
Therefore, the analyzer provides a very short response time. Furthermore, the photonic crystal
high-reflectance end mirror enables high emission power, which results in combination with
photoacoustic spectroscopy in high detection sensitivity. Since these devices do not require
the integration of a wavelength selective grating for single-mode emission, it is expected that
they will become considerably cheaper than traditional DFB lasers [25,26]. Next generation
photonic crystal lasers will feature an even larger tuning range and a higher optical output
power of approximately 20 mW. This will qualify these devices even better for a quick and
highly sensitive multigas detection using a single laser source.
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The photoacoustic signal is detected by an electret microphone (Primo Microphones GmbH;
EN158N), pre-amplified (PAS-Analytik; Amp1) and phase-sensitively recorded (Signal
Recovery; Model 7265). The lock-in amplifier uses the output signal of the chopper as reference
signal. It measures the absolute value of the photoacoustic signal with a time constant of 1 s.
A CaF2 beamsplitter separates a small fraction of the radiation for spectral characterization
with a Fourier transform infrared spectrometer (FTIR; MIRTM 8025 Model 80250 manufactured
by Newport Corporation).

3.3. Measurements

Using the experimental setup described in the previous subsection, photoacoustic spectra of
ambient air at atmospheric conditions (1% H2O, 20°C, 1013 hPa) were recorded. At four
constant operating currents of laser segment 2 (I2 = 50 mA / 55 mA / 60 mA / 75 mA), the current
of laser segment 1 was tuned as far as continuously (mode-hop free) possible. The laser
temperature was held constant at 20°C. Converting current values into corresponding
emission wavelengths using previously acquired data (see e.g. Table 2) wavelength dependent
absorption plots were generated. The variation in laser output power was compensated by
means of normalization according to the instantaneous optical emission power.

Figure 10 displays the four spectra, each one of a single absorption line. As can be seen, the
measured photoacoustic signal (crosses) closely tracks the absorption data for water vapor as
provided by the HITRAN database [15] (solid line). No cross-sensitivities with other compo‐
nents of air occurred.
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Figure 10. Four photoacoustic spectra of ambient air at atmospheric conditions (1% H2O, 20°C, 1013 hPa), recorded
at constant operating current of laser segment 2 (I2) by tuning the operating current of segment 1 (I1) together with a
water vapor absorption spectrum according to the HITRAN database [15].
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4. Conclusion

We presented a new optical gas detection scheme based on a photonic crystal laser. We showed
emission and operation parameters of this radiation source as well as measured spectra of H2O
at 1910 nm.

The optical gas sensor based on the photonic crystal laser provides some considerable
advantages over those based on traditional semiconductor lasers. The wide spectral tunability
of more than 20 nm allows multigas detection using only one laser. Since the emission
wavelength is primarily determined by the two laser currents, its spectral tuning is very fast.
Therefore, the analyzer provides a very short response time. Furthermore, the photonic crystal
high-reflectance end mirror enables high emission power, which results in combination with
photoacoustic spectroscopy in high detection sensitivity. Since these devices do not require
the integration of a wavelength selective grating for single-mode emission, it is expected that
they will become considerably cheaper than traditional DFB lasers [25,26]. Next generation
photonic crystal lasers will feature an even larger tuning range and a higher optical output
power of approximately 20 mW. This will qualify these devices even better for a quick and
highly sensitive multigas detection using a single laser source.
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1. Introduction

Great advantages of optical sensing including immunity to electromagnetic interference, large
bandwidth, reliability, and high sensitivity have interested engineers to apply optical sensors
instead of electronic sensors for sensing of various environmental parameters. Optical sensors
work based on change of intensity, phase, polarization, wavelength and spectral distribution
of the light beams by the phenomenon that is being measured. Optical sensors can be used in
many areas such as biomedical, civil and aerospace engineering, oil and gas industry, trans‐
portation as well as in energy sector. This chapter provides enough information related to
optical sensors that is utilized in biomedical engineering especially. First, WGM-based optical
biosensors are introduced and studied. Then microsphere resonator is considered as an
example and a specific type of WGM-based biosensors. Helmholtz equation is solved for this
micro optical-resonator in order to obtain optical modes and Eigen values. Then, capability of
microsphere resonator as biosensor is investigated and analyzed based on simulation and
comparison to experimental results. Furthermore, fiber optic sensors and their application in
biomedical field, specifically in minimally invasive surgeries, are described.

2. Optical biosensors based on WGM (Whispering Gallery Mode)

There are different types of biosensors with diverse physical basics such as electrochemical
biosensors [1] , mass-based biosensors [2] , optical biosensors [3] , etc., among these different
types of biosensors, optical biosensors provide more efficiency because of their exclusive
features due to light-based detection. One kind of optical biosensor is whispering gallery mode
(WGM)-based biosensor which provides label-free detection [4]. WGM phenomenon occurs
in optical microcavities (optical micro resonators) [5]. Optical microcavities confine light in a

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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circular path and make resonance phenomenon in specific wavelengths [6, 7]. Therefore, the
resonance wavelengths emerge as notches in transmission spectrum. There are various types
of optical microcavities according to their shapes. Three major types of optical microcavities
can be seen in Fig. 1.

Figure 1. Different types of optical microcavities, (a) Micro-ring resonator, (b) Micro-toroid resonator, (c) Micro-sphere
resonator.

Despite easy fabrication process, the ring resonator has small quality factor (Q) compared to
micro toroid and microsphere [5, 6]. Specifically, microspheres are three-dimensional WGM
resonators, a few hundred micrometers in diameter, often fabricated by simply melting the tip
of an optical fiber. The total optical loss experienced by a WGM in this type of optical micro
cavity can be extremely low (quality factor (Q) as high as 108 are routinely demonstrated) [8].
These extraordinary Q-values translate directly to high energy density, narrow bandwidth for
resonant-wavelength and a lengthy path of cavity ring. Because of these advantages, micro‐
sphere resonators are prone structures for being competent optical biosensors. Fig. 2 shows a
microsphere that is coupled to an optical fiber and occurrence of WGM phenomenon.

Figure 2. WGM phenomenon in microsphere
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For analytical description of WGM in microsphere, the Helmholtz equation should be solved
in spherical coordinate.

2.1. Solution of Helmholtz equation for microsphere optical resonator

In order to theoretically investigate the performance of microsphere, the Maxwell wave
equation in microsphere should be solved. For solving the wave equation, the separation of
variables technique can be used in order to separate the time variable from spatial variables,

( , ) ( ) ( )y=u r t r T tr r
(1)

The part of the solution related to spatial coordinates, ψ(r→ ), satisfies Helmholtz equation as
follows.

2 2 0y yÑ + =k (2)

where k 2 is a separation constant. The Helmholtz equation in spherical coordinates is:
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If we assume that the polarization is constant throughout all space, the separation of variables
method can be utilized for solving Helmholtz equation. For applying this method, we consider
the solution given by

( , , ) ( ) ( ) ( )y q f q f= Q Fr R r (4)

where R(r), Θ(θ) and Φ(φ) are the radial, polar and azimuthal parts of solution respectively.

By applying the considered solution in Helmholtz equation and multiplying by r 2

RΘΦ , the
following equation is obtained:
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Multiplying Eq. (5) by sin2θ, the last term should satisfy
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The solution is

( ) ff ±F = ime (7)

where m is integer because of periodic boundary condition. Inserting Eq. (7) into Eq. (5) the
following equation can be obtained.
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The third and fourth terms in Eq. (8) only depend on θ, while the first and second terms only
depend on r . Thus the polar dependence satisfies:
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where the separation constant is considered as l(l + 1) and l =0, 1, 2, ..., so that the solution is
to be finite at θ =0, π. With inserting x =cosθ, the equation (9) changes to equation (10) which
is Associated Legendre equation.
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The solution of Eq. (10) is

( ) ( ) ( cos )qQ = =m
lx P x x (11)

where Pl
m(cosθ) are Associated Legendre polynomials and |m | ≤ l .

Usually the polar and azimuthal parts of the solution in Eq. (4) are combined into a spherical

harmonic, Yl
m(θ, ϕ), where

( , ) (cos ) fq f q=m m im
l lY CP e (12)

where C  is normalization constant.

From Eq. (8) and (9), the radial dependence in Eq. (4) is given by
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Inserting Z (r)= R(r)(kr)1/2 into Eq. (13), we obtain
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which is the Bessel equation of order l + 1 / 2. The solutions of Eq. (14) are J l+1/2(kr) and

Nl+1/2(kr). The solutions for R(r) are the spherical Bessel and Neumann functions, jl(kr) and

nl(kr), that can be expressed by J l+1/2(kr) and Nl+1/2(kr) as below:

1/2

1/2

( ) ( ) ( )
2

( ) ( ) ( )
2

p

p

+

+

=

=

l l

l l

j x J x a
x

n x N x b
x

(15)

Although the mathematical solution for R(r) consists of Neumann functions, the physical
solution does not because the answer is finite in the region of solution. Hence, the general
solution of Helmholtz equation in spherical coordinates is

0
( , , ) ( ) ( , )y q f q f
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k l m l
r a j kr Y (16)

where aklm are determined by boundary conditions.

Solving Helmholtz equation for light in spherical coordinate and using boundary condition
across the surface of microsphere, the characteristic equation is obtained as Eq. (17) that
describes the relationship between wave vector and eigenvalues l  and m [9].
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The solution is

( ) ff ±F = ime (7)

where m is integer because of periodic boundary condition. Inserting Eq. (7) into Eq. (5) the
following equation can be obtained.
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The third and fourth terms in Eq. (8) only depend on θ, while the first and second terms only
depend on r . Thus the polar dependence satisfies:
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where the separation constant is considered as l(l + 1) and l =0, 1, 2, ..., so that the solution is
to be finite at θ =0, π. With inserting x =cosθ, the equation (9) changes to equation (10) which
is Associated Legendre equation.
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The solution of Eq. (10) is

( ) ( ) ( cos )qQ = =m
lx P x x (11)

where Pl
m(cosθ) are Associated Legendre polynomials and |m | ≤ l .

Usually the polar and azimuthal parts of the solution in Eq. (4) are combined into a spherical

harmonic, Yl
m(θ, ϕ), where

( , ) (cos ) fq f q=m m im
l lY CP e (12)

where C  is normalization constant.

From Eq. (8) and (9), the radial dependence in Eq. (4) is given by
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Inserting Z (r)= R(r)(kr)1/2 into Eq. (13), we obtain
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Although the mathematical solution for R(r) consists of Neumann functions, the physical
solution does not because the answer is finite in the region of solution. Hence, the general
solution of Helmholtz equation in spherical coordinates is
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2.2. Bio-sensor based on microsphere optical resonator

Virus particles are a major cause for human diseases, and their early detection is of great
urgency since modern day travel has enabled these diseases agents to be spread through
population across the globe [10]. Recently, single-virus detection has been reported based on
microsphere resonator, practically [11]. Microsphere resonators are used for biosensing
applications on the basis of resonant frequency shift due to attachment of desirable particles
to the microsphere surface. There are many cases which microspheres are used as a high
sensitive biosensor for detection of particles based on resonance frequency shift [12, 13].

An optical WGM may be represented by a light wave that circumnavigates near the surface of
a glass sphere. Attachment of a particle to the surface of microsphere causes shift in resonance
frequency of transmission spectrum due to perturbation in path of light [14, 15]. Consequence
of this variation in the travelling path of light is satisfaction of condition related to WGM in
the other frequency which advents as shift of resonance frequency. It is obvious from Fig. 2
that in resonance frequency, the light passing in the fiber will be trapped in microsphere, so
this frequency will be omitted from transmission spectrum of optical fiber. It is noteworthy to
mention that this figure has been obtained from simulation performed by Finite Element
Method (FEM). Transmission spectrum of microsphere resonator without particle attachment
is shown in Fig. 3. The obtained Q for this microsphere resonator is calculated as 8.8 x 104. This
amount of Q is far small from ultimate Q for microsphere which is almost 109 [16]. This
smallness of Q for simulated microsphere is because of small amount of considered diameter.
In order to increase the quality factor, size of the microsphere have to be increased, but it
decreases capability of single small-size particle detection. So, we have to compromise between
these two parameters in practice.

Figure 3. Transmission spectrum of microsphere biosensor without particle attachment [17].
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Fig. 4 shows the result of attachment a particle to the surface of the microsphere. It causes a
shift of resonance notch in the transmission spectrum.

Figure 4. Shift of the resonance frequency due to attachment of particle [17].

2.2.1. Shift of resonance frequency versus size of attached nanoparticle

Assuming the conserved intensity of resonant light and smallness of the attached particle
compared to the wavelength, the frequency of each resonant photon shifts byΔωr  according
to [15] and [18].

2 ( , )
2
a

wD @ - ex
r vE r th (18)

where E 2(rv, t)  is the time average of the square electric field at the nanoparticle position
(rv). This field is generated due to a single photon resonant state. αexis the isotropic excess
polarizability including local field effects [11]. By manipulations, the fractional frequency shift
is obtained as [15]
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where E0 is the electric field amplitude, and εr(r) is the dielectric constant throughout the
resonator. The maximum shift for a nanoparticle of radius size av absorbing on the equator is
obtained as
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where L  is the characteristic length of the evanescent field, and D is dimensionless dielectric
factor associated with both the microsphere and nanoparticle. L  and D are given by
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where ns ,nm and nnp are the refractive indices of the microsphere, surrounding medium and
nanoparticle respectively [11]. The shifts of resonance frequency for three radiuses of particle,
100nm, 150nm, and 200nm have been obtained through FEM simulation. Comparison between
simulation results and calculated results extracted from Eq. (20) has been provided in Fig 5.
There is good agreement between our simulation results and Eq. (20). The amount of resonance
frequency shift increases by enhancement of particle’s radius. This fact is reasonable because
the path of light through the attached particle increases further when the radius of particle is
enhanced. It is noteworthy to mention that the size, shape and refractive index of particles for
simulation are selected regarding the characteristics of viruses. Majority of viruses are
spherical in shape and their radius size are between 20 to 400 nm [19].

Figure 5. Shift of resonance frequency versus radius of particles [17].
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3. Fiber optic sensors

One type of optical sensors is fiber optic sensors which have exclusive advantages such as low
weight, capability of self-referencing and serial fashion multiplexing. According to market
research report, worldwide use of fiber optic sensors will reach $3.39 billion in 2016 [20]. In
the following diagram increasing trend of fiber optic sensors market is shown.

Figure 6. Increasing trend of market of fiber optic sensors.

Fiber optic sensors are classified in two categories: extrinsic fiber optic sensors and intrinsic
fiber optic sensors. Extrinsic fiber optic sensors are optical fibers that lead up to and out of a
“black box” that modulates the light beam passing through it in response to an environmental
effect [21]. Intrinsic fiber optic sensors rely on the light beam propagating through the optical
fiber being modulated by the environmental effect either directly or through environmentally
induced optical path length changes in the fiber itself [21]. In the following, several fiber optic
sensors which are utilized for surgeries have been investigated. Theses fiber optic sensors are
intrinsic type.

3.1. Smart surgical instruments based on fiber optic sensors

Nowadays, minimally invasive surgeries are becoming more common as an efficient type of
operations in hospitals. By minimally invasive surgeries, surgeon can access to internal body
organs of patient through small incisions instead of large openings. During this type of
surgeries, surgeons use related specific instruments like clip applicators, laparoscopic grasp‐
ers, and catheters. Utilizing minimally invasive surgeries decreases recovery time and
discomfort for patient. Despite all advantages of minimally invasive surgeries, it has some
drawbacks. In open surgery, accuracy of operation is high due to direct visual and touch ability
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of the surgeon. On the other hand, in minimally invasive surgery, surgeon loses tactile
feedback. Furthermore, navigation of minimally invasive instruments is a challenge in
minimally invasive surgeries. Smart minimally invasive surgical instruments have been
introduced to overcome such drawbacks. Catheter ablation surgery is a minimally invasive
surgery which is performed by surgeon in order to cure cardiac arrhythmias. In this MIS
surgery, specific catheters are inserted into inside of heart through main blood vessels of body
(Fig. 7, Fig. 8). Then, part of heart which causes cardiac arrhythmias is ablated by ablation
catheter [22].

Figure 7. Catheter is inserted into inside of heart through Aorta artery.
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Figure 8. RF ablation catheter.

Outcome of this surgery highly depends on force applied by the ablation catheter’s tip to heart
tissue. Insufficient force could leads to incomplete ablation, while excessive force may result
in serious injury and even perforation [23]. Therefore, to successfully ablate live tissue, the
catheter should be applied to the tissue with proper force. Ablation catheters with force sensing
capability have been emerged recently in order to help surgeon in performing ablation surgery
with more accuracy and safety. Many papers and patents have been published in the area of
smart ablation catheters. First introduced generation of smart ablation catheters utilize force
sensor in the shaft out-side the patient’s body [24, 25]. They provide some information of
catheter-tip contact forces, but frictional forces due to the interaction between the catheter and
blood vessels disturb the measurement, so exact contact force between catheter’s tip and heart
tissue cannot be measured. Various types of force sensors like capacitive, inductive, resistive
and optical sensors can be integrated into the ablation catheter’s tip in order to measure contact
force, however, fiber optic sensors have been utilized efficiently rather than other types because
of their exclusive advantages. Tacticath is one of the smart ablation catheters, provided by
Endosense medical technology company that measures the contact force between catheters tip
and heart tissue based on fiber optic sensor [26]. Contact force between catheter’s tip and heart
tissue can be decomposed into three main axes, one axial force and two lateral forces. Fig. 9
shows concept of axial and lateral force with respect to catheter’s tip.

Figure 9. Axial and lateral force with respect to catheter’s tip.
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Smart ablation catheters that utilize fiber optic sensor as sensing element can be categorized
into two main groups based on sensing technology: FBG-based and light intensity modulation
based. The basic principle of operation commonly used in a FBG-based sensor is shift of Bragg
wavelength. The Bragg wavelength of a FBG (λB) is given by λB =2nΛ, where n is effective
index of core and Λ is grating period. Shift of Bragg wavelength (ΔλB) due to strain (ε) can be
expressed by below expression [27] :
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where P11 and P12 are strain-optic coefficients and ν is Poisson’s ratio.

FBGs can be used as strain gauges in distal end of the catheter to measure contact force between
catheter’s tip and heart tissue. Ref. [28] suggests a design which utilizes groups of axially
oriented strain gauges (for example FBGs) embedded on distal end of minimally invasive
surgical instrument (for instance ablation catheters) to measure forces at the distal end of
instrument (Fig. 10). This sensor can measure lateral applied force without temperature
sensitivity but temperature variation makes error in axial force measurement for this sensor.

Figure 10. A minimally invasive surgical instrument with 8 embedded strain gauge for tri-axial contact force sensing
(Reference [28] ).

Four optical fibers, that each one has two serial FBGs, can be utilized as embedded strain
gauges illustrated in Fig. 10. In such a smart minimally invasive instrument, lateral forces are
calculated by Fx =(ε1 −ε2 −ε3 + ε4)EI / 2lr  and Fy =(ε5 −ε6 −ε7 + ε8)EI / 2lr . Here, E is the Young’s
modulus of material, I is the section moment of inertia, l is the distance between two inline
strain gauges, and r is the radius from z-axis to the acting plane of the gauges. Axial force is
calculated by Fz =(ε1 + ε2 + ε3 + ε4 + ε5 + ε6 + ε7 + ε8)EA / 8. Here, A is cross-sectional area of
instrument. Calculated lateral forces (Fx and Fy) are temperature insensitive because of related
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differential relation. Light intensity modulation can be used for contact force detection. In this
method, distance between a reflector plane and tip of an optical fiber change due to applied
force. This change of distance results in change of intensity of reflected light. Fig. 11 shows a
smart ablation catheter with contact force sensing capability. Fig. 4 shows details of this
catheter. An optical fiber, embedded inside of the catheter, emits light to surface of reflector
plane. Intensity of reflected light, which is received by the same optical fiber, depends on
distance between optical fiber’s tip and reflector plane. When a contact force is applied, the
elastic material (which is a polychloroprene rubber) deforms, decreasing the distance between
optical fiber’s tip and reflector, subsequently, increasing intensity of reflected light. It is
noteworthy to mention that a 2 x 1 optical coupler is used in order to separate emitted light
from reflected light.

Figure 11. Ablation catheter with force sensor (Reference [29]). The outer diameter is 3mm (9Fr in French scale which
is used to express size of catheters).

Figure 12. (a) Ablation catheter with force sensor. (b) Detailed view of this ablation catheter (Reference [29] ).

Microsphere and Fiber Optics based Optical Sensors
http://dx.doi.org/10.5772/57465

95



Smart ablation catheters that utilize fiber optic sensor as sensing element can be categorized
into two main groups based on sensing technology: FBG-based and light intensity modulation
based. The basic principle of operation commonly used in a FBG-based sensor is shift of Bragg
wavelength. The Bragg wavelength of a FBG (λB) is given by λB =2nΛ, where n is effective
index of core and Λ is grating period. Shift of Bragg wavelength (ΔλB) due to strain (ε) can be
expressed by below expression [27] :

2

12 11 122 1 ( )( ( ))
2

l n e
æ ö

D = L - - +ç ÷ç ÷
è ø

B
nn P P P (23)

where P11 and P12 are strain-optic coefficients and ν is Poisson’s ratio.

FBGs can be used as strain gauges in distal end of the catheter to measure contact force between
catheter’s tip and heart tissue. Ref. [28] suggests a design which utilizes groups of axially
oriented strain gauges (for example FBGs) embedded on distal end of minimally invasive
surgical instrument (for instance ablation catheters) to measure forces at the distal end of
instrument (Fig. 10). This sensor can measure lateral applied force without temperature
sensitivity but temperature variation makes error in axial force measurement for this sensor.

Figure 10. A minimally invasive surgical instrument with 8 embedded strain gauge for tri-axial contact force sensing
(Reference [28] ).

Four optical fibers, that each one has two serial FBGs, can be utilized as embedded strain
gauges illustrated in Fig. 10. In such a smart minimally invasive instrument, lateral forces are
calculated by Fx =(ε1 −ε2 −ε3 + ε4)EI / 2lr  and Fy =(ε5 −ε6 −ε7 + ε8)EI / 2lr . Here, E is the Young’s
modulus of material, I is the section moment of inertia, l is the distance between two inline
strain gauges, and r is the radius from z-axis to the acting plane of the gauges. Axial force is
calculated by Fz =(ε1 + ε2 + ε3 + ε4 + ε5 + ε6 + ε7 + ε8)EA / 8. Here, A is cross-sectional area of
instrument. Calculated lateral forces (Fx and Fy) are temperature insensitive because of related

Optical Sensors - New Developments and Practical Applications94

differential relation. Light intensity modulation can be used for contact force detection. In this
method, distance between a reflector plane and tip of an optical fiber change due to applied
force. This change of distance results in change of intensity of reflected light. Fig. 11 shows a
smart ablation catheter with contact force sensing capability. Fig. 4 shows details of this
catheter. An optical fiber, embedded inside of the catheter, emits light to surface of reflector
plane. Intensity of reflected light, which is received by the same optical fiber, depends on
distance between optical fiber’s tip and reflector plane. When a contact force is applied, the
elastic material (which is a polychloroprene rubber) deforms, decreasing the distance between
optical fiber’s tip and reflector, subsequently, increasing intensity of reflected light. It is
noteworthy to mention that a 2 x 1 optical coupler is used in order to separate emitted light
from reflected light.

Figure 11. Ablation catheter with force sensor (Reference [29]). The outer diameter is 3mm (9Fr in French scale which
is used to express size of catheters).

Figure 12. (a) Ablation catheter with force sensor. (b) Detailed view of this ablation catheter (Reference [29] ).

Microsphere and Fiber Optics based Optical Sensors
http://dx.doi.org/10.5772/57465

95



Components of this sensor were created rapid prototyping technology and are made of
photoractive acrylate polymers. Intensity of reflected light and, consequently, the voltage
output produced from an optoelectronic circuit are nonlinear functions of the distance between
optical fiber end face and reflector surface [30]. Voltage output that can be detected from an
ideal optoelectronic circuit is given by:
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In above equation, σr  is a parameter that represents light losses due to bending and misalign‐
ment of optical fiber, kv is conversion factor that related light flux to voltage output, I0 is
maximum light intensity of reflected light received by fiber, and d is diameter of optical fiber.
Also, in above equation, w is defined as w =2.h .tan(γ) + w0. Here, h is distance between fiber
end surface and reflector surface, γ is divergence angle, w0 is mode-field radius related to light
intensity distribution profile of transmitted light beam. As it can be inferred from equation
(24), bending of optical fiber affects voltage output. This is due to bending losses which
decrease intensity of transmitted light. During ablation surgery, catheter has several bending,
thus an error occurs in contact force measurement due to bending losses. This is a disadvantage
of light intensity modulation method of sensing in comparison with FBG method of sensing.
Fig. 13 shows voltage output versus applied force to aforementioned catheter’s tip.

Figure 13. Loading and unloading hysteresis cycle of catheter force sensor.

Fig. 13 shows that this force sensor embedded in ablation catheter can operate with very low
hysteresis (maximum calculated hysteresis ratio=2.35%). Below quadratic equation can be used
to describe nonlinear behavior of force sensor:
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2= +V AF BF (25)

where V is the voltage output of the force sensor, when a force F is applied at the catheter tip,
and A, B are the calibration coefficients. It is noteworthy to mention that this smart catheter
can measure only applied axial forces. For tri-axial contact force sensing, several optical fibers
should be utilized. Fig.14 shows a tri-axial ablation catheter force sensor [31]. This sensor is
able to measure axial forces of up to 0.50N and lateral forces up to 0.45N with force sensing
resolution of 0.01N.

Figure 14. Ablation catheter with tri-axial force sensor

Fig.15 depicts detailed view of this smart ablation catheter. This smart catheter has four optical
fibers. Three of them are utilized for tri-axial contact force measurement and fourth is reference
optical fiber in order to eliminate of bending caused error. The reference optical fiber is always
in contact with related reference reflector and, hence, continuously recording the maximum
light intensity that can be received by the fibers. Thus, light fluctuations that are not due to
contact force between catheter’s tip and heart tissue are detectable.

Figure 15. Exploded view of ablation catheter with tri-axial force sensor.
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Components of this sensor were created rapid prototyping technology and are made of
photoractive acrylate polymers. Intensity of reflected light and, consequently, the voltage
output produced from an optoelectronic circuit are nonlinear functions of the distance between
optical fiber end face and reflector surface [30]. Voltage output that can be detected from an
ideal optoelectronic circuit is given by:
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In above equation, σr  is a parameter that represents light losses due to bending and misalign‐
ment of optical fiber, kv is conversion factor that related light flux to voltage output, I0 is
maximum light intensity of reflected light received by fiber, and d is diameter of optical fiber.
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intensity distribution profile of transmitted light beam. As it can be inferred from equation
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thus an error occurs in contact force measurement due to bending losses. This is a disadvantage
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Fig. 13 shows voltage output versus applied force to aforementioned catheter’s tip.

Figure 13. Loading and unloading hysteresis cycle of catheter force sensor.

Fig. 13 shows that this force sensor embedded in ablation catheter can operate with very low
hysteresis (maximum calculated hysteresis ratio=2.35%). Below quadratic equation can be used
to describe nonlinear behavior of force sensor:
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High-resolution rapid prototyping technique was employed to create sensing part of this smart
catheter using polymeric material. Fig.16 shows comparison results between manufactured
smart catheter and standard force sensor (ATI-Nano 17). Both force signals behave similarly
with an rms error of 0.03N for the axial case and 0.021N for the lateral case, resulting in a sensor
accuracy of 6%.

Figure 16. Comparison of the force signals obtained from smart ablation catheter and the standard force sensor, up‐
per panel is related to axial force and lower panel is related to lateral force.

In order to increase the accuracy of minimally invasive surgeries, robotically operation of MIS
have been introduces and utilized. The instruments are mounted on robot manipulators
controlled by surgeon through joysticks [32-33]. Robots need feedbacks from mounted smart
minimally invasive surgeries instruments in order to navigate, control and operate them.
Magellan and Sensei-x are examples of robotic catheter systems, manufactured by Hansen
Medical [33]. They can also give three dimensional figure of catheters shape inside of patient
body. Shape sensing of catheters are based on FBG bending sensors [34].

The amount of bending in a structure is determined by a parameter namely K and it is defined
as:
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The unit of K is [m-1]. Bent structure can be supposed on the sector of a circle. In relation (26),
R with unit [m] is the radius for this imaginary circle. Fig. 17 depicts this matter.

Figure 17. A bent structure on the sector of an imaginary circle with radius R

The output of a bent sensor is the amount of structure’s bending.

If a catheter get bent around an imaginary circle with radius of R, like Fig. 18, engendered
strain in this fiber is [35] :

e =z Kx (27)

Engendered strain is extension for x>0 and compression for x<0.

Figure 18. Assumed coordinates of fiber and radius of bending
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Optical fiber which is placed inside catheter in eccentric position, can measure the amount
of bending [36]. Related smart catheters have several optical fibers. These optical fibers have
several serial FBGs that measure bending and its direction in different parts of catheter.
Assembling obtained shape of bending related to different parts, it is possible to extract the
shape of catheter. Three optical fibers can be utilized in order to extract the shape of the
catheter [37].

4. Summary

Optical sensors are growing fast in all technological fields. This type of sensors is utilized in
biomedical engineering, efficiently and according to most roadmaps future is well brilliant for
optical sensors in this field of science and technology. Many corporations have been emerged
to invest in research, development and fabrication of instruments with optical sensing
capability. In this chapter important types of optical sensors including WGM-based sensors
and fiber optic sensors, have been investigated with considering their applications in biomed‐
ical field.
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1. Introduction

Utilization of fiber Bragg gratings (FBG) to serve as the fiber-optic sensors are important
researches for the optical fiber sensing applications [1−4]. Hence, when the strain or temper‐
ature variations are imposed on the FBG-based sensor, the Bragg wavelength will drift due to
the index change of the FBG, and thus the detected wavelength will also shift. And so,
according to the wavelength shift phenomenon of FBG, we could easily observe the strain and
temperature variations for sensing [3]. In the distributed fiber sensors of the intelligent sensing
network system, the FBG-based sensor has been studied and identified as an important sensing
element for sensing the change of temperature and strain [1−6]. Hence, the large-scale FBG
sensor system could be built and achieved easily by wavelength multiplexing technology [7−9].

During the strain sensing, if the payload applied on the FBG is over its limitation, FBG breakage
will occur. Furthermore, the fiber-fault of FBG-based sensing network also could affect the
survivability and reliability. As a result, how to improve and enhance the reliability and
survivability of sensor network becomes the essential issue for further study. To keep the
survivability of an FBG sensor system against fiber fault, a few self-protection schemes have
been reported [10,11]. However, these methods required optical switch (OSW) in each remote
node (RN) to re-route the sensing path for detecting and protecting the fiber fault. It was hard
to control and judge the direction of OSW in each RN and also increased the complexity and
cost of FBG-sensor networks. In addition, even though these FBG sensor systems were passive
sensing networks in multi-ring schemes in the past studies [1, 2]. But, these ring sensor
architectures required many numbers of RNs, consisting of optical coupler (OCP), to produce
multi-ring configurations and result in the huge fiber connect points to reduce the power
budget after run trip transmission.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In this work, we will introduce two different FBG-based sensor networks utilizing the passive
system design. In the first design, a self-protected passive FBG sensor network, which enhances
the reliability and survivability in long-reach fiber distance, is proposed and experimentally
investigated. The sensing mechanism is based on a 25 km cavity length erbium-doped fiber
(EDF) ring laser for detecting the multiple FBG sensors in the network. And we only use an
optical coupler (OCP) on RN to produce multi-ring configuration. The advantage of the
proposed fiber laser scheme for detecting and monitoring the FBG sensors in the long distance
self-protected scheme can facilitate highly reliable and survivable operation. Besides, the long
distance sensing system can be integrated in fiber access network to reduce the cost of sensor
infrastructure in the future. In the second design, we propose and demonstrate a multi-ring
passive sensing architecture, which does not have any active components in the entire network.
In this experiment, the network survivability and capacity for the multi-point sensor systems
are also enhanced. Moreover, the tunable laser source (TLS) is adopted in central office (CO)
for FBG sensing. The survivability of an eight-point FBG sensor is examined and analyzed.
Due to the passive sensor network, the cost-effective and intelligent sensing system is entirely
centralized by the CO. As a result, the experimental results show that the proposed system
can assist the reliable FBG sensing network for a large-scale and multi-point architecture.

2. First FBG sensor network architecture

The proposed LR self-healing FBG-based sensor system was consisted of a central office (CO)
and multiple sensing networks, as shown in Figure 1. Here, two 25 km long single-mode fibers
(SMFs) were used to connect to the CO and a N×N optical coupler (OCP), which was located
at remote node (RN). The upper (path “1”) and lower SMFs (path “2”) were used to serve as
the feeder fibers for sensing signal transmission. The N×N OCP could produce N×1 fiber ring
architectures. And each ring scheme could use M FBGs for system sensing. A wavelength-
tunable laser (WTL) source was used to detect and monitor the FBG sensors in the CO. For the
initial deployment of the sensing network, the power budget (i.e. the power of the laser source
and the split-ratio of the sensing network) should be carefully considered. If the power budget
is not enough due to high split ratio, fiber amplifiers between CO and RN can be used to solve
this issue. Besides, according to current passive access network standards [12], this proposed
25 km long sensor system can be also integrated in the fiber access system to enhance the use
of capacity fiber and reduce the cost of sensor infrastructure.

To realize and perform the proposed FBG-based sensor network, the experimental setup was
performed on a simplified version as illustrated in Figure 2. The CO was constructed by a WTL,
a 1×2 OSW and an optical spectrum analyzer (OSA). In this measurement, the WTL was
consisted of an erbium-doped fiber amplifier (EDFA), a tunable bandpass filter (TBF), a 4×4
OCP, a polarization controller (PC), a variable optical attenuator (VOA). The 980 nm pumping
laser of EDFA operated at 215 mA and the saturated output power of the EDFA was around
16 dBm at 1530 nm. The tuning range, insertion loss and 3 dB bandwidth of TBF used was 36
nm (1526 to 1562 nm), <0.7 dB and 0.3 nm, respectively. The PC and VOA were used to control
and adjust the polarization status and maintain the maximum output power. Therefore, the

Optical Sensors - New Developments and Practical Applications104

4×4 OCP would introduce three ring sensing networks. And the two feeder fibers were 25 km
long. In the experiment, the sensor network has eight FBGs, which could be used for the strain
and temperature sensing applications. Moreover, the Bragg wavelengths of these FBGs, which
have different reflectivity, were 1527.6 (λ11), 1528.9 (λ12), 1532.9 (λ21), 1536.7 (λ22), 1538.4 (λ23),
1541.7 (λ31), 1546.0 (λ32) and 1556.0 nm (λ33), respectively.
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The proposed WTL scheme in CO contained the C-band erbium-doped gain operation. And
the passband of the TBF, using inside gain cavity, was scanned to match the corresponding
Bragg wavelength of FBG. Each FBG element served as the reflected sensor head and was
connected as the part of cavity via a 25 km long fiber. Due to the inclusion of the TBF within
the cavity loop, the lasing wavelength would be generated only when the filter passband was
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initial deployment of the sensing network, the power budget (i.e. the power of the laser source
and the split-ratio of the sensing network) should be carefully considered. If the power budget
is not enough due to high split ratio, fiber amplifiers between CO and RN can be used to solve
this issue. Besides, according to current passive access network standards [12], this proposed
25 km long sensor system can be also integrated in the fiber access system to enhance the use
of capacity fiber and reduce the cost of sensor infrastructure.

To realize and perform the proposed FBG-based sensor network, the experimental setup was
performed on a simplified version as illustrated in Figure 2. The CO was constructed by a WTL,
a 1×2 OSW and an optical spectrum analyzer (OSA). In this measurement, the WTL was
consisted of an erbium-doped fiber amplifier (EDFA), a tunable bandpass filter (TBF), a 4×4
OCP, a polarization controller (PC), a variable optical attenuator (VOA). The 980 nm pumping
laser of EDFA operated at 215 mA and the saturated output power of the EDFA was around
16 dBm at 1530 nm. The tuning range, insertion loss and 3 dB bandwidth of TBF used was 36
nm (1526 to 1562 nm), <0.7 dB and 0.3 nm, respectively. The PC and VOA were used to control
and adjust the polarization status and maintain the maximum output power. Therefore, the
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4×4 OCP would introduce three ring sensing networks. And the two feeder fibers were 25 km
long. In the experiment, the sensor network has eight FBGs, which could be used for the strain
and temperature sensing applications. Moreover, the Bragg wavelengths of these FBGs, which
have different reflectivity, were 1527.6 (λ11), 1528.9 (λ12), 1532.9 (λ21), 1536.7 (λ22), 1538.4 (λ23),
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The proposed WTL scheme in CO contained the C-band erbium-doped gain operation. And
the passband of the TBF, using inside gain cavity, was scanned to match the corresponding
Bragg wavelength of FBG. Each FBG element served as the reflected sensor head and was
connected as the part of cavity via a 25 km long fiber. Due to the inclusion of the TBF within
the cavity loop, the lasing wavelength would be generated only when the filter passband was
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aligned in accordance with one of the FBG elements. In normal operation, when the TBF was
set at one of the Bragg wavelength of the FBG, a long cavity fiber ring laser will be formed,
and a lasing wavelength will be detected at the OSA located in the CO, with a 0.05 nm
resolution.
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Figure 2. Experimental setup of proposed long distance self-healing FBG-based sensor system.

Initially, the OSW of CO was located on position “1” to connect to the sensor network via the
upper feeder fiber (path “1”) for detecting and monitoring the eight FBG sensors used, as
illustrated in Figure 2. Here, Figure 3(a) shows the reflected wavelengths of the proposed FBG-
based sensor network from 1527.6 to 1556.0 nm (λ11 to λ33) via upper fiber. Here, we can observe
eight lasing wavelengths in Figure 3(a) using the proposed WTL scheme during the TBF
scanning. Of course, we could also connect the FBG sensor network for via the lower feeder
fiber (path “2”), when the 1×2 OSW was switched to position “2”, as shown in Figure 2. Hence,
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Figure 3(b) presents the retrieved output wavelengths of the eight FBG sensors system via the
lower feeder fiber. As shown in Figure 3(a) and Figure 3(b), no matter from which fibers to
transmit the detecting signal to monitor FBG sensors, the measured reflective wavelengths are
the same. However, the obtained wavelength λ11 of Figure 3(b) is slightly drifted due to the
different forward and backward reflected spectrum of FBG11. As a result, we can switch the
direction of OSW for connecting the upper or lower feeder fibers to monitor the status of FBG
sensors and each ring fiber simultaneously.
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Figure 3. Output wavelengths of the proposed FBG-based sensor system from 1527.6 to 1556.0 nm via the (a) work‐
ing and (b) protecting fiber links.

In the first scenario, the fiber fault may happen inside the fiber ring network. Hence, if a fiber
cut occurs at point “b”, as seen in Figure 2, the lasing wavelengths of λ32 and λ33 can be not
measured via the upper feeder path, as shown in Figure 4(a). At this moment, the OSW will
switch to position “2” to connect the lower feeder fiber for rescanning the FBG sensors. Thus,
only the wavelength λ31 can be not retrieved by the proposed WTL scheme, as illustrated in
Figure 4(b). According to the measured results of Figure 4(a) and Figure 4(b), then we can
locate and ensure the cut position among FBG31 and FBG32. Besides, if two fiber cuts occur at
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Initially, the OSW of CO was located on position “1” to connect to the sensor network via the
upper feeder fiber (path “1”) for detecting and monitoring the eight FBG sensors used, as
illustrated in Figure 2. Here, Figure 3(a) shows the reflected wavelengths of the proposed FBG-
based sensor network from 1527.6 to 1556.0 nm (λ11 to λ33) via upper fiber. Here, we can observe
eight lasing wavelengths in Figure 3(a) using the proposed WTL scheme during the TBF
scanning. Of course, we could also connect the FBG sensor network for via the lower feeder
fiber (path “2”), when the 1×2 OSW was switched to position “2”, as shown in Figure 2. Hence,

Optical Sensors - New Developments and Practical Applications106

Figure 3(b) presents the retrieved output wavelengths of the eight FBG sensors system via the
lower feeder fiber. As shown in Figure 3(a) and Figure 3(b), no matter from which fibers to
transmit the detecting signal to monitor FBG sensors, the measured reflective wavelengths are
the same. However, the obtained wavelength λ11 of Figure 3(b) is slightly drifted due to the
different forward and backward reflected spectrum of FBG11. As a result, we can switch the
direction of OSW for connecting the upper or lower feeder fibers to monitor the status of FBG
sensors and each ring fiber simultaneously.
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In the first scenario, the fiber fault may happen inside the fiber ring network. Hence, if a fiber
cut occurs at point “b”, as seen in Figure 2, the lasing wavelengths of λ32 and λ33 can be not
measured via the upper feeder path, as shown in Figure 4(a). At this moment, the OSW will
switch to position “2” to connect the lower feeder fiber for rescanning the FBG sensors. Thus,
only the wavelength λ31 can be not retrieved by the proposed WTL scheme, as illustrated in
Figure 4(b). According to the measured results of Figure 4(a) and Figure 4(b), then we can
locate and ensure the cut position among FBG31 and FBG32. Besides, if two fiber cuts occur at
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point “a” and “b” simultaneously in the sensor network, the lasing wavelengths of λ31, λ32 and
λ33 via the paths “1” and λ31 via the path “2” can be not measured by OSA, respectively. Hence,
we can ensure the faults are among points “a” and “b”. Furthermore, when the external strain
is applied on FBG31 before broking, the wavelength shifts can be observed, as illustrated in
Figure 5. Here, the maximum strain shift of FBG31 is nearly 2.2 nm. When the temperature of
FBG increases gradually, the reflected wavelength of the FBG will shift. In the proposed FBG
sensing network, certain sub-ring systems could be used for the temperature sensing. Besides,
some FBG sensors are used for both temperature-sensing as well as fiber-cut location detection.
In the measurement, the maximum wavelength shift of FBG31 is ~2.2 nm when the temperature
of FBG31 change is around 68 °C. While the strain exceeds the limitation of FBG31, the FBG
sensor will be broken. In such situation, if a fault occurs on FBG31, the measured lasing
wavelengths in CO are the same comparing with the results of Figure 4. However, we can first
observe the wavelength drift before FBG broking. As a result, we can clearly know the
differences of fiber-fault and FBG-fault in the proposed passive FBG sensor network.
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Figure 4. Output wavelengths of the proposed FBG-based sensor system via the (a) working and (b) protecting fiber
links, when a cut occurs at “b” point in Figure 2.
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In addition, it is necessary to ensure that each FBG sensor was in good situation in fiber sensor
system. Thus, when the strain or temperature change was applied on each FBG sensor due to
the environmental or artificial effect, the sensor will cause the Bragg wavelength shift. For the
second scenario, while the payload of the FBG exceeds the limitation, the FBG would be broken.
Here, the proposed ring sensor architecture also could find the position of the broken FBG.
For example, if the FBG22 was broken in the proposed sensor network via the fiber path “1”,
the lasing wavelengths of λ22 and λ23 would not be detected, as shown in Figure 6(a). Hence,
to detect the disappeared FBG sensors, the CO would control the OSW to reconnect to the
lower feeder fiber (path “2”) for sensing FBG. Thus, the measured output spectrum lacks the
λ21 and λ22, as shown in Figure 6(b). Comparing the two output spectra of Figurs 6(a) and 6(b),
we can easily locate the fault is on FBG22. Moreover, for example, when the measured lasing
spectra of the λ11, λ12, λ21, λ22 and λ23 via the fiber path “1”, and λ11 and λ21 via the fiber path
“2” respectively, are not detected by the proposed sensor system, we can assure that two
sensors of FBG11 and FBG21 are broken at this time.
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Figure 5. Reflected spectrum of FBG31 when the strain is applied.

We can be according to the above measured methods to ensure when the sensing path is via
the feeder fiber paths “1” and “2”. Initially, we can observe entire reflected wavelengths of
FBG sensors via feeder path “1” when this sensing network is without FBG fault or fiber fault.
When a fault is produced on FBGxy, first we can observe that the reflective-wavelength of
measured FBGxy should be shift and then broken. Based on the measured result, we can realize
the fault which is on FBG not on fiber. Besides, when the occurrence of fiber fault is produced,
the all observed reflective-wavelengths are no change at this time. As a result, the proposed
FBG sensor system not only can find out the fiber fault, but also detect and monitor the FBG
sensors.
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In addition, it is necessary to ensure that each FBG sensor was in good situation in fiber sensor
system. Thus, when the strain or temperature change was applied on each FBG sensor due to
the environmental or artificial effect, the sensor will cause the Bragg wavelength shift. For the
second scenario, while the payload of the FBG exceeds the limitation, the FBG would be broken.
Here, the proposed ring sensor architecture also could find the position of the broken FBG.
For example, if the FBG22 was broken in the proposed sensor network via the fiber path “1”,
the lasing wavelengths of λ22 and λ23 would not be detected, as shown in Figure 6(a). Hence,
to detect the disappeared FBG sensors, the CO would control the OSW to reconnect to the
lower feeder fiber (path “2”) for sensing FBG. Thus, the measured output spectrum lacks the
λ21 and λ22, as shown in Figure 6(b). Comparing the two output spectra of Figurs 6(a) and 6(b),
we can easily locate the fault is on FBG22. Moreover, for example, when the measured lasing
spectra of the λ11, λ12, λ21, λ22 and λ23 via the fiber path “1”, and λ11 and λ21 via the fiber path
“2” respectively, are not detected by the proposed sensor system, we can assure that two
sensors of FBG11 and FBG21 are broken at this time.
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We can be according to the above measured methods to ensure when the sensing path is via
the feeder fiber paths “1” and “2”. Initially, we can observe entire reflected wavelengths of
FBG sensors via feeder path “1” when this sensing network is without FBG fault or fiber fault.
When a fault is produced on FBGxy, first we can observe that the reflective-wavelength of
measured FBGxy should be shift and then broken. Based on the measured result, we can realize
the fault which is on FBG not on fiber. Besides, when the occurrence of fiber fault is produced,
the all observed reflective-wavelengths are no change at this time. As a result, the proposed
FBG sensor system not only can find out the fiber fault, but also detect and monitor the FBG
sensors.
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Figure 6. Measured output spectra of the sensing system via the (a) upper and (b) lower feeder fibers while a fault is
on FBG22.

3. Second FBG sensor network architecture

Figure 7 shows the simply self-restored ring-based architecture for passive FBG sensor system.
The central office (CO) is constructed by a tunable laser source (TLS), an optical circulator (OC),
a 1×2 optical switch (OS). Two output ports of OS are used to circulate a major ring. Besides,
the 1×2 OS can be used to select the fiber path “a” or “b” for the sensing transmission. Assuming
there are m sub-ring sensor groups in the major ring sensing system and the each groups have
n FBG sensors, as illustrated in Figure 7. Each remote node (RN) uses a 2×2 optical coupler (C)
to circulate sensor group and also connect next sensor group. Thus, the proposed sensing
system has (m×n) FBG sensors. The sensing laser source usually uses linear-cavity erbium-
doped fiber (EDF) ring laser for fiber sensor because the laser has intense output power and
high OSNR [13]. In our proposed sensing network, the TLS is distributed to each RNs and
delivered to each FBG sensor through each sensor groups. The TLS has the advantage of high

Optical Sensors - New Developments and Practical Applications110

output power and optical signal to noise ratio (OSNR) to detect the FBG sensor in the network.
In the sensing network, three fault locations could occur, such as in the major ring, sub-ring,
and fiber sensor itself. In the following analysis, we will discuss and analyze the three situations
based on the simply apparatus and ring-based architecture.
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Figure 7. Proposed simply self-restored ring-based architecture for passive FBG sensor system. S: sensor, C: coupler,
CO: central office, RN: remote node, OS: optical switch, OC: optical circulator, OSA: optical spectrum analyzer.

To realize and evaluate our proposed self-restored ring-based architecture for passive FBG
sensor system, a simply experimental setup is shown in Figure 8. In the sensing system, the m
and n of the setup are equal to four and two in the experiment. That is to say, there are eight
FBG sensors (Smn) using in the sensing network experiment. Each of the sensing FBGs (S11 to
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3. Second FBG sensor network architecture

Figure 7 shows the simply self-restored ring-based architecture for passive FBG sensor system.
The central office (CO) is constructed by a tunable laser source (TLS), an optical circulator (OC),
a 1×2 optical switch (OS). Two output ports of OS are used to circulate a major ring. Besides,
the 1×2 OS can be used to select the fiber path “a” or “b” for the sensing transmission. Assuming
there are m sub-ring sensor groups in the major ring sensing system and the each groups have
n FBG sensors, as illustrated in Figure 7. Each remote node (RN) uses a 2×2 optical coupler (C)
to circulate sensor group and also connect next sensor group. Thus, the proposed sensing
system has (m×n) FBG sensors. The sensing laser source usually uses linear-cavity erbium-
doped fiber (EDF) ring laser for fiber sensor because the laser has intense output power and
high OSNR [13]. In our proposed sensing network, the TLS is distributed to each RNs and
delivered to each FBG sensor through each sensor groups. The TLS has the advantage of high
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output power and optical signal to noise ratio (OSNR) to detect the FBG sensor in the network.
In the sensing network, three fault locations could occur, such as in the major ring, sub-ring,
and fiber sensor itself. In the following analysis, we will discuss and analyze the three situations
based on the simply apparatus and ring-based architecture.
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To realize and evaluate our proposed self-restored ring-based architecture for passive FBG
sensor system, a simply experimental setup is shown in Figure 8. In the sensing system, the m
and n of the setup are equal to four and two in the experiment. That is to say, there are eight
FBG sensors (Smn) using in the sensing network experiment. Each of the sensing FBGs (S11 to
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S42) are used to act as the reflected elements. In the CO, the lasing of TLS is detected by these
FBGs. The Bragg wavelengths of the eight FBGs used are 1526.63, 1528.87, 1532.64, 1536.57,
1538.24, 1541.88, 1545.83 and 1555.85 nm, respectively. In addition, the fiber sensing system
can also be used to accurately measure the strain and temperature perturbations applied on
the FBGs. In normal status, the OS locates at point “1” to connect the path “a”. Thus, the lasing
wavelength from CO passes through the path “a” to detect FBG sensors. As illustrated in
Figure 8(a), the green arrows show the sensing transmission path when the sensor system link
without any faults. Figure 8(b) also shows the received output spectra of the eight sensing
sensors from S11 to S42 by using the TLS while the sensing transmission through the path “a”.
When there is no fiber fault in the network, the CO would detect the eight fiber sensors in the
proposed sensing system.
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Figure 8. (a) Experimental setup for the self-restored passive FBG sensor system with eight FBS sensors from S11 to S42

without any fails. (b) Received output sensing spectra from the eight sensing FBGs in CO. (Green arrow presents the
sensing transmission of the proposed network)

First, the sensor system passes through the path “a” initially for fiber sensing without any
faults. When the proposed sensor network has a fiber cut on major ring between the group “2”
and “3”, as shown in Figure 9(a), the CO can only detect the received output sensing spectra
from S11 to S22 (as seen in green line), as shown in Figure 9(b). In order to detect the residual
FBG sensors, the OS could switch automatically to point “2” to link the fiber path “b”. The
sensing transmission is shown in red arrow, as also illustrated in Figure 9(a). When the sensing
transmission is switched to path “b”, the residual output sensing spectra from other sensors
[as seen in red line of Figure 9(b)] can be detected. As a result, in accordance with the proposed
operating mechanism, the self-restored ring-based sensor system could be protected from fiber
fault on major fiber and detects the fault location approximately. If two fiber cuts are between
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the group “2” and “3” and the group “3” and “4” in Figure 8, respectively, then the sensor
S31 and S32 cannot be detected due to the two faults. However, the probability of producing
two fiber faults simultaneously is very low in real sensing system.

And then, we will discuss and experiment the fiber fault in sub-ring sensor group as follows.
When a fiber cut occurs between S21 and S22 in sensor group “2” through the path “a”, as shown
in the above of Figure 10(a), the proposed sensing network cannot detect the sensor S21. Hence,
as shown at the top of Figure 10(b), the output sensing spectrum lacks the sensor S21. At the
same time, the CO would control the OS to connect to the transmission path “b”, as illustrated
at the bottom of Figure 10(a). At the bottom of Figure 10(b), the output spectrum of sensor
lacks the information of S22. Therefore, compared with the two output sensing spectra of Figure
10(b), it can be easy to find out the fault location by detecting the FBG sensors information in
the proposed network.

In sensor system, it is necessary to ensure that each fiber sensor is in good condition. Thus,
when the strain or temperature change applied on FBG due to the environment or artificial
effect, the fiber sensor would cause the Bragg wavelength shift. While the payload of the FBG
exceeds the limitation, the FBG would cut. So, the proposed sensing system also can look for
the position of broken sensor. For example, while the sensor S22 is broken in the proposed
sensing network through the fiber path “a”, the sensing network cannot detect the sensor S22
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the group “2” and “3” and the group “3” and “4” in Figure 8, respectively, then the sensor
S31 and S32 cannot be detected due to the two faults. However, the probability of producing
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When a fiber cut occurs between S21 and S22 in sensor group “2” through the path “a”, as shown
in the above of Figure 10(a), the proposed sensing network cannot detect the sensor S21. Hence,
as shown at the top of Figure 10(b), the output sensing spectrum lacks the sensor S21. At the
same time, the CO would control the OS to connect to the transmission path “b”, as illustrated
at the bottom of Figure 10(a). At the bottom of Figure 10(b), the output spectrum of sensor
lacks the information of S22. Therefore, compared with the two output sensing spectra of Figure
10(b), it can be easy to find out the fault location by detecting the FBG sensors information in
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In sensor system, it is necessary to ensure that each fiber sensor is in good condition. Thus,
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sensing network through the fiber path “a”, the sensing network cannot detect the sensor S22

Wavelength (nm)
1520 1530 1540 1550 1560

Po
w

er
 (d

B
m

)
-80

-60

-40

-20

0
through path "a" through path "b"

CO
“a”

“b” fiber cut

(a)

(b)
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 and sensor S21, as shown at the top of Figure 11(a). Thus, at the top of Figure 11(b), the output
sensing spectrum lacks the sensor S22 and sensor S21. To obtain and detect the disappeared
sensors, the CO would control the OS to connect the transmission path “b”, as illustrated at
the bottom of Figure 11(a). At the bottom of Figure 11(b), the output spectrum of sensor
information lacks a sensor S22. Then, by comparing the two output sensing spectra of Figure
11(b), we can easily find out that the fault is on sensor S22. Besides, if two sensors of S22 and S32
are cut, the measured output spectra would lack the sensor S21, S22, S31, and S32 through the path
“a”. When the sensing path passes through the path “b”, the measured output spectrum would
lack the sensor S22 and S32. As a result, this proposed sensing network can find out two or more
sensor cuts.
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Figure 10. (a) When the sensor system has a fiber cut on sub-ring sensor group “2” in the proposed sensing network.
(b) Received output spectra of the eight sensing FBGs in CO. (Green and red lines represent sensing information
through the path “a” and “b”, respectively.)
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4. Conclusion

In summary, in first proposed design, we have proposed and experimentally investigated a
simple self-restored FBG based sensor ring system for long distance sensing. Besides, there is
no active component in the FBG sensor architecture for cost reduction. The sensing mechanism
is based on a 25 km cavity length EDF ring laser for detecting the multiple FBG sensors in the
network. In this experiment, three scenarios of fault detections were experimentally studied,
showing that the sensing network survivability, reliability and capacity for the multiple
sensors can be enhanced. In the future, this proposed sensing network can be integrated into
a fiber access network for advanced applications. And in second proposed design, we have
proposed and experimentally investigated a simply self-restored FBG based sensor ring
system. There are no active components in the entire sensing architecture. In this experiment,
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sensors, the CO would control the OS to connect the transmission path “b”, as illustrated at
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11(b), we can easily find out that the fault is on sensor S22. Besides, if two sensors of S22 and S32
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lack the sensor S22 and S32. As a result, this proposed sensing network can find out two or more
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the network survivability and capacity for the multi-point sensor systems are also enhanced.
Besides, the TLS is adopted in CO for FBG sensing. The survivability of a eight-point FBG
sensor is examined and analyzed. Due to the passive sensor network, the cost-effective and
intelligent sensing system is entirely centralized by the CO. As a result, the experimental results
show that the proposed system can assist the reliable FBG sensing network for a large-scale
and multi-point architecture.
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Chapter 7

Bio and Chemical Sensors Based on Surface Plasmon
Resonance in a Plastic Optical Fiber

Nunzio Cennamo and Luigi Zeni

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57148

1. Introduction

Surface Plasmon Resonance (SPR) is known to be a very sensitive technique for determining
refractive index variations at the interface between a metallic layer and a dielectric medium
(analyte). SPR is widely used as a detection principle for many sensors operating in different
application fields, such as bio and chemical sensing. In practical implementations, the biolog‐
ical targets are usually transported through a microfluidic system by means of a buffer fluid
or a carrier fluid. In SPR sensors, the transducing media (ligands) are usually bonded on the
metallic layer surface so that, when they react with the target molecules present in the analyte,
the refractive index at the outer interface changes, and this change is detected by suitable
optical interrogation. In the scientific literature, many different configurations based on SPR
in silica optical fibers, are usually found [1,2].

In general, the optical fiber employed is either a glass one or a plastic one (POF). For low-cost
sensing systems, POFs are especially advantageous due to their excellent flexibility, easy
manipulation, great numerical aperture, large diameter, and the fact that plastic is able to
withstand smaller bend radii than glass. The advantages of using POFs is that the properties
of POFs, that have increased their popularity and competitiveness for telecommunications, are
exactly those that are important for optical sensors based on optical fibers. Moreover, a further
advantage of POF sensors is that they are simpler to manufacture than those made using silica
optical fibers. In the scientific literature only simple POF sensors, based on laterally polished
bent sections prepared along a plastic optical fiber, can be usually found.

In this chapter, POF sensor configurations are presented in order to monitor an aqueous
environment (refractive index around 1.333), with a resolution ranging from 10-4 to 10-3 (RIU).
The classic geometries of sensors based on SPR in silica optical fiber are adapted and borrowed
for POF, so representing a simple approach to low cost plasmonic sensing.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 7

Bio and Chemical Sensors Based on Surface Plasmon
Resonance in a Plastic Optical Fiber

Nunzio Cennamo and Luigi Zeni

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57148

1. Introduction

Surface Plasmon Resonance (SPR) is known to be a very sensitive technique for determining
refractive index variations at the interface between a metallic layer and a dielectric medium
(analyte). SPR is widely used as a detection principle for many sensors operating in different
application fields, such as bio and chemical sensing. In practical implementations, the biolog‐
ical targets are usually transported through a microfluidic system by means of a buffer fluid
or a carrier fluid. In SPR sensors, the transducing media (ligands) are usually bonded on the
metallic layer surface so that, when they react with the target molecules present in the analyte,
the refractive index at the outer interface changes, and this change is detected by suitable
optical interrogation. In the scientific literature, many different configurations based on SPR
in silica optical fibers, are usually found [1,2].

In general, the optical fiber employed is either a glass one or a plastic one (POF). For low-cost
sensing systems, POFs are especially advantageous due to their excellent flexibility, easy
manipulation, great numerical aperture, large diameter, and the fact that plastic is able to
withstand smaller bend radii than glass. The advantages of using POFs is that the properties
of POFs, that have increased their popularity and competitiveness for telecommunications, are
exactly those that are important for optical sensors based on optical fibers. Moreover, a further
advantage of POF sensors is that they are simpler to manufacture than those made using silica
optical fibers. In the scientific literature only simple POF sensors, based on laterally polished
bent sections prepared along a plastic optical fiber, can be usually found.

In this chapter, POF sensor configurations are presented in order to monitor an aqueous
environment (refractive index around 1.333), with a resolution ranging from 10-4 to 10-3 (RIU).
The classic geometries of sensors based on SPR in silica optical fiber are adapted and borrowed
for POF, so representing a simple approach to low cost plasmonic sensing.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The planar gold layer of the sensors, the low resolution and refractive index ranging from 1.332
to 1.420 are three good factors for forthcoming bio/chemical sensors implementation.

Another aspect to be considered is that most often the SPR bio-chemical sensor system is based
on a high refractive index prism coated with a thin metallic layer. The incidence angle of the
light can be changed in a wide range and, as a consequence, the surface plasma waves
(plasmons) may exist whatever the surrounding medium, i.e. a gas or a liquid. These sensors
are usually bulky and require expensive optical equipment, not easy to be miniaturized. In
addition, the remote sensing can be very difficult to exploit. On the contrary, the use of a POF
makes the remote sensing straightforward, and may reduce the cost and dimension of the
device, with the possibility of integration of SPR sensing platform with optoelectronic devices,
eventually leading to “Lab-on-a-chip”.

2. SPR phenomenon

In the optical phenomenon of Surface Plasmon Resonance, a metal-dielectric interface supports
a p-polarized electromagnetic wave, namely Surface Plasmon Wave (SPW), which propagates
along the interface. When the p-polarized light is incident on this metal-dielectric interface in
such a way that the propagation constant (and energy) of resultant evanescent wave is equal
to that of the SPW, a strong absorption of light takes place as a result of transfer of energy and
the output signal exhibits a sharp dip at a particular wavelength known as the resonance
wavelength. The so-called resonance condition is given by the following expression:
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The term on the left-hand side is the propagation constant Kinc of the evanescent wave
generated as a result of Attenuated Total Reflection (ATR) of the light incident at an angle θ
through a light coupling device (such as prism or optical fiber) of refractive index nc. The right-
hand term is the SPW propagation constant (KSP) with εmr as the real part of the metal dielectric
constant (εm) and ns as the refractive index of the sensing (dielectric) layer. This matching
condition of propagation constants is heavily sensitive to even a slight change in the dielectric
constant, which makes this technique a powerful tool for sensing of different parameters.

2.1. Spectral mode operation

In SPR sensors with spectral interrogation, the resonance wavelength (λres) is determined as a
function of the refractive index of the sensing layer (ns). If the refractive index of the sensing
layer is altered by δns, the resonance wavelength shifts by δλres. The sensitivity (Sn) of an SPR
sensor with spectral interrogation is defined as [3]:
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Owing to the fact that the vast majority of the field of an SPW is concentrated in the dielectric,
the propagation constant of the SPW is extremely sensitive to changes in the refractive index
of the dielectric itself. This property of SPW is the underlying physical principle of affinity SPR
bio/chemical sensors. In the case of artificial receptors, as molecular imprinted polymers
(MIPs), the polymeric film on the surface of metal selectively recognizes and captures the
analyte present in a liquid sample so producing a local increase in the refractive index at the
metal surface. The refractive index increase gives rise to an increase in the propagation constant
of SPW propagating along the metal surface which can be accurately measured by optical
means. The magnitude of the change in the propagation constant of an SPW depends on the
refractive index change and its overlap with the SPW field. If the binding occurs within the
whole depth of the SPW field, the binding-induced refractive index change produces a change
in the real part of the propagation constant, which is directly proportional to the refractive
index change.

The resolution (Δn) of the SPR-based optical sensor can be defined as the minimum amount
of change in refractive index detectable by the sensor. This parameter (with spectral interrog‐
ation) definitely depends on the spectral resolution (δλDR) of the spectrometer used to measure
the resonance wavelength in a sensor scheme. Therefore, if there is a shift of δλres in resonance
wavelength corresponding to a refractive index change of δns, then resolution can be defined
as:
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The Signal-to-Noise Ratio of an SPR sensor depends on how accurately and precisely the sensor
can detect the resonance wavelength and hence, the refractive index of the sensing layer. This
accuracy in detecting the resonance wavelength further depends on the width of the SPR curve.

The narrower the SPR curve, the higher the detection accuracy. Therefore, if δλSW is the spectral
width of the SPR response curve corresponding to some reference level of transmitted power,
the detection accuracy of the sensor can be assumed to be inversely proportional to δλSW.

The signal-to-noise ratio of the SPR sensor with spectral interrogation is, thus, defined as:
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where δλSW can be calculated as the full width at half maximum of the SPR curve (FWHM).
SNR is a dimensionless parameter strongly dependent on the refractive index changes.
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to 1.420 are three good factors for forthcoming bio/chemical sensors implementation.

Another aspect to be considered is that most often the SPR bio-chemical sensor system is based
on a high refractive index prism coated with a thin metallic layer. The incidence angle of the
light can be changed in a wide range and, as a consequence, the surface plasma waves
(plasmons) may exist whatever the surrounding medium, i.e. a gas or a liquid. These sensors
are usually bulky and require expensive optical equipment, not easy to be miniaturized. In
addition, the remote sensing can be very difficult to exploit. On the contrary, the use of a POF
makes the remote sensing straightforward, and may reduce the cost and dimension of the
device, with the possibility of integration of SPR sensing platform with optoelectronic devices,
eventually leading to “Lab-on-a-chip”.

2. SPR phenomenon

In the optical phenomenon of Surface Plasmon Resonance, a metal-dielectric interface supports
a p-polarized electromagnetic wave, namely Surface Plasmon Wave (SPW), which propagates
along the interface. When the p-polarized light is incident on this metal-dielectric interface in
such a way that the propagation constant (and energy) of resultant evanescent wave is equal
to that of the SPW, a strong absorption of light takes place as a result of transfer of energy and
the output signal exhibits a sharp dip at a particular wavelength known as the resonance
wavelength. The so-called resonance condition is given by the following expression:
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The term on the left-hand side is the propagation constant Kinc of the evanescent wave
generated as a result of Attenuated Total Reflection (ATR) of the light incident at an angle θ
through a light coupling device (such as prism or optical fiber) of refractive index nc. The right-
hand term is the SPW propagation constant (KSP) with εmr as the real part of the metal dielectric
constant (εm) and ns as the refractive index of the sensing (dielectric) layer. This matching
condition of propagation constants is heavily sensitive to even a slight change in the dielectric
constant, which makes this technique a powerful tool for sensing of different parameters.

2.1. Spectral mode operation

In SPR sensors with spectral interrogation, the resonance wavelength (λres) is determined as a
function of the refractive index of the sensing layer (ns). If the refractive index of the sensing
layer is altered by δns, the resonance wavelength shifts by δλres. The sensitivity (Sn) of an SPR
sensor with spectral interrogation is defined as [3]:
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the propagation constant of the SPW is extremely sensitive to changes in the refractive index
of the dielectric itself. This property of SPW is the underlying physical principle of affinity SPR
bio/chemical sensors. In the case of artificial receptors, as molecular imprinted polymers
(MIPs), the polymeric film on the surface of metal selectively recognizes and captures the
analyte present in a liquid sample so producing a local increase in the refractive index at the
metal surface. The refractive index increase gives rise to an increase in the propagation constant
of SPW propagating along the metal surface which can be accurately measured by optical
means. The magnitude of the change in the propagation constant of an SPW depends on the
refractive index change and its overlap with the SPW field. If the binding occurs within the
whole depth of the SPW field, the binding-induced refractive index change produces a change
in the real part of the propagation constant, which is directly proportional to the refractive
index change.

The resolution (Δn) of the SPR-based optical sensor can be defined as the minimum amount
of change in refractive index detectable by the sensor. This parameter (with spectral interrog‐
ation) definitely depends on the spectral resolution (δλDR) of the spectrometer used to measure
the resonance wavelength in a sensor scheme. Therefore, if there is a shift of δλres in resonance
wavelength corresponding to a refractive index change of δns, then resolution can be defined
as:
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The Signal-to-Noise Ratio of an SPR sensor depends on how accurately and precisely the sensor
can detect the resonance wavelength and hence, the refractive index of the sensing layer. This
accuracy in detecting the resonance wavelength further depends on the width of the SPR curve.

The narrower the SPR curve, the higher the detection accuracy. Therefore, if δλSW is the spectral
width of the SPR response curve corresponding to some reference level of transmitted power,
the detection accuracy of the sensor can be assumed to be inversely proportional to δλSW.

The signal-to-noise ratio of the SPR sensor with spectral interrogation is, thus, defined as:
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SNR is a dimensionless parameter strongly dependent on the refractive index changes.
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2.2. Amplitude mode operation

In SPR sensors, it can be used a simpler scheme with a monochromatic light source and an
optical power meter in the amplitude mode operation, because in the shoulders of spectral
response curve, appreciable intensity differences are present, as the given refractive index
changes, due to the shift of the curve itself.

In amplitude mode operation the sensitivity (Sn) of an SPR sensor is defined as:
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where Inorm is the relative output, normalized to a reference level, in order to compensate for
light source fluctuations.

The resolution (Δn) of the SPR-based optical sensor, in amplitude mode operation, can be
defined as:
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where σ is the standard deviation of the relative output.

3. A POF sensor system for biosensor implementation

The fabricated optical sensor system was realized removing the cladding of a plastic optical
fiber along half the circumference, spin coating on the exposed core a buffer of Microposit
S1813 photoresist, and finally sputtering a thin gold film using a sputtering machine [4].

The plastic optical fiber has a PMMA core of 980 µm and a fluorinated polymer cladding of 20
µm. The experimental results indicate that the configuration with a fiber diameter of 1000 µm
exhibits better performance in terms of sensitivity and resolution but not in terms of SNR [5],
as shown in section 5.2.

The refractive index, in the visible range of interest, is about 1.49 for PMMA, 1.41 for fluorinated
polymer and 1.61 for Microposit S1813 photoresist. The sample consisted in a plastic optical
fiber without jacket embedded in a resin block, with the purpose of easing the polishing
process. The polishing process was carried out with a 5 µm polishing paper in order to remove
the cladding and part of the core. After 20 complete strokes following a “8-shaped” pattern
(according to the manufacturer recommendations, as shown in Figure 1) in order to completely
expose the core, a 1 µm polishing paper was used for another 20 complete strokes following
a “8-shaped” pattern. The realized sensing region was about 10 mm in length.
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Figure 1. “8-shaped” pattern for POF polishing.

The buffer of Microposit S1813 photoresist was realized by means of spin coating. The
Microposit S1813 photoresist is deposited in one drop (about 0.1 ml) on the center of the
substrate. The sample is then spun at 6,000 rpm for 60 seconds. The final thickness of photo‐
resist buffer was about 1.5 µm.

As it will be shown in the section 5.1, the experimental results indicate that this configuration
with the photoresist buffer layer exhibits better performance in terms of detectable refractive
index range and SNR [4].

Finally, a thin gold film was sputtered by using a sputtering machine (Bal-Tec SCD 500).The
sputtering process was repeated twice with a current of 60 mA for a time of 35 seconds (20 nm
for step). The gold film so obtained was 60 nm thick and presented a good adhesion to the
substrate, verified by its resistance to rinsing in de-ionized water.

This sensor based on SPR in a POF is a common tool for surface interaction analysis and
biosensing, widely used as a detection principle for sensors that operate in different areas of
bio and chemical sensing as reported in several recent review papers [6,7]. In this case on the
gold surface there is a bio or chemical layer for the selective detection and analysis of analyte
in aqueous solution (see figure 2).
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2.2. Amplitude mode operation

In SPR sensors, it can be used a simpler scheme with a monochromatic light source and an
optical power meter in the amplitude mode operation, because in the shoulders of spectral
response curve, appreciable intensity differences are present, as the given refractive index
changes, due to the shift of the curve itself.

In amplitude mode operation the sensitivity (Sn) of an SPR sensor is defined as:
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3. A POF sensor system for biosensor implementation

The fabricated optical sensor system was realized removing the cladding of a plastic optical
fiber along half the circumference, spin coating on the exposed core a buffer of Microposit
S1813 photoresist, and finally sputtering a thin gold film using a sputtering machine [4].

The plastic optical fiber has a PMMA core of 980 µm and a fluorinated polymer cladding of 20
µm. The experimental results indicate that the configuration with a fiber diameter of 1000 µm
exhibits better performance in terms of sensitivity and resolution but not in terms of SNR [5],
as shown in section 5.2.

The refractive index, in the visible range of interest, is about 1.49 for PMMA, 1.41 for fluorinated
polymer and 1.61 for Microposit S1813 photoresist. The sample consisted in a plastic optical
fiber without jacket embedded in a resin block, with the purpose of easing the polishing
process. The polishing process was carried out with a 5 µm polishing paper in order to remove
the cladding and part of the core. After 20 complete strokes following a “8-shaped” pattern
(according to the manufacturer recommendations, as shown in Figure 1) in order to completely
expose the core, a 1 µm polishing paper was used for another 20 complete strokes following
a “8-shaped” pattern. The realized sensing region was about 10 mm in length.
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The buffer of Microposit S1813 photoresist was realized by means of spin coating. The
Microposit S1813 photoresist is deposited in one drop (about 0.1 ml) on the center of the
substrate. The sample is then spun at 6,000 rpm for 60 seconds. The final thickness of photo‐
resist buffer was about 1.5 µm.
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with the photoresist buffer layer exhibits better performance in terms of detectable refractive
index range and SNR [4].
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substrate, verified by its resistance to rinsing in de-ionized water.
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4. Experimental configurations for SPR sensors in plastic optical fibers

The experimental measurements for the characterization of the POF sensor, presented in the
previous section, were carried out in two different ways: spectral and amplitude mode. Figure
3 shows the experimental setup arranged to measure the transmitted light spectrum and was
characterized by a halogen lamp, illuminating the optical sensor system, and a spectrum
analyzer. The employed halogen lamp exhibits a wavelength emission range from 360 nm to
1700 nm, while the spectrum analyzer detection range was from 200 nm to 850 nm. The spectral
resolution of the spectrometer was 1.5 nm (FWHM).

Figure 3. Setup to measure the transmitted light spectrum

Figure 4 shows the measurements carried out, obtaining SPR transmission spectra, normalized
to the spectrum achieved with air as the surrounding medium, for three different water-
glycerin solutions with refractive index 1.333, 1.351, 1.371, respectively. The sensitivity is
calculated as the slope of the resonance wavelength versus refractive index curve, for three
refractive index values. In figure 5 the experimental data and the linear fitting are presented.

 
 

Fig 3. Setup to measure the transmitted light spectrum 

Figure 4 shows the measurements carried out, obtaining SPR transmission spectra, 
normalized to the spectrum achieved with air as the surrounding medium, for three 
different water-glycerin solutions with refractive index 1.333, 1.351, 1.371, respectively. The 
sensitivity is calculated as the slope of the resonance wavelength versus refractive index 
curve, for three refractive index values. In figure 5 the experimental data and the linear 
fitting are presented.  
 

 

600 650 700 750 800 850

0.88

0.9

0.92

0.94

0.96

0.98

Wavelength [nm]

N
or

m
al

iz
ed

 T
ra

ns
m

itt
ed

 L
ig

ht
 In

te
ns

ity

1.333
1.351
1.371

Fig 4. Normalized transmitted light intensity as function a function of the 
wavelength 

Figure 4. Normalized transmitted light intensity as function a function of the wavelength

Optical Sensors - New Developments and Practical Applications124

 
Figure 6 shows the second setup. It is composed of an LED, whose wavelength is 670nm, as 
the light source, a  beam splitter, two photodiodes whose function is to convert the light into 
an electrical signal and an oscilloscope for signal acquisition connected to a PC.  
In figure 7, the relative output is plotted as a function of time for three different refractive 
index values. 
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According to an experiment for the evaluation of system stability, the standard deviation of 
the relative output was found to be 3.84×10−4 for the 8 min continuous operation in the air 
with the intention of circumventing liquid evaporation. In figure 8, the relative output for 
three different refractive index and the linear fitting to the experimental values are 
presented.  
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Figure 6 shows the second setup. It is composed of an LED, whose wavelength is 670nm, as
the light source, a beam splitter, two photodiodes whose function is to convert the light into
an electrical signal and an oscilloscope for signal acquisition connected to a PC.

In figure 7, the relative output is plotted as a function of time for three different refractive index
values.

Figure 6. Setup using a LED and two photodiode

According to an experiment for the evaluation of system stability, the standard deviation of
the relative output was found to be 3.84×10−4 for the 8 min continuous operation in the air with
the intention of circumventing liquid evaporation. In figure 8, the relative output for three
different refractive index and the linear fitting to the experimental values are presented.
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4. Experimental configurations for SPR sensors in plastic optical fibers

The experimental measurements for the characterization of the POF sensor, presented in the
previous section, were carried out in two different ways: spectral and amplitude mode. Figure
3 shows the experimental setup arranged to measure the transmitted light spectrum and was
characterized by a halogen lamp, illuminating the optical sensor system, and a spectrum
analyzer. The employed halogen lamp exhibits a wavelength emission range from 360 nm to
1700 nm, while the spectrum analyzer detection range was from 200 nm to 850 nm. The spectral
resolution of the spectrometer was 1.5 nm (FWHM).

Figure 3. Setup to measure the transmitted light spectrum

Figure 4 shows the measurements carried out, obtaining SPR transmission spectra, normalized
to the spectrum achieved with air as the surrounding medium, for three different water-
glycerin solutions with refractive index 1.333, 1.351, 1.371, respectively. The sensitivity is
calculated as the slope of the resonance wavelength versus refractive index curve, for three
refractive index values. In figure 5 the experimental data and the linear fitting are presented.
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Figure 6 shows the second setup. It is composed of an LED, whose wavelength is 670nm, as
the light source, a beam splitter, two photodiodes whose function is to convert the light into
an electrical signal and an oscilloscope for signal acquisition connected to a PC.

In figure 7, the relative output is plotted as a function of time for three different refractive index
values.
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According to an experiment for the evaluation of system stability, the standard deviation of
the relative output was found to be 3.84×10−4 for the 8 min continuous operation in the air with
the intention of circumventing liquid evaporation. In figure 8, the relative output for three
different refractive index and the linear fitting to the experimental values are presented.
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For a clearer comparative analysis of the two experimental setups, table 1 summarizes the 
average values of the experimentally measured performance parameters, evaluated by 
Matlab software, for external medium refractive index ranging from 1.333 to 1.371. 
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For a clearer comparative analysis of the two experimental setups, table 1 summarizes the
average values of the experimentally measured performance parameters, evaluated by Matlab
software, for external medium refractive index ranging from 1.333 to 1.371.

Experimental setup Sensitivity (S) Margin of error (∂E) ∆n = S-1 * ∂E

White Light Source/

spectrum analyzer
δ resonance wavelength

δ refractive index = 1.14* 10^3 nm
RIU

(spectral resolution of the

spectrometer)

1.5 nm (FWHM)

0.00131 [RIU]

LED/photodiodes δ relative output
δ refractive index = 0.26 a.u.

RIU

(standard deviation)

3.84×10−4
0.00147 [RIU]

Table 1. Performance parameters for different experimental configurations

5. Performance comparison of sensors based on SPR in POF

In this section different POF sensor configurations are presented and experimentally tested
with spectral interrogation: First, the configurations with and without photoresist buffer layer;
then, the configurations with two different POF core diameters and finally the configuration
with a tapered POF.

5.1. POF sensors with and without the photoresist layer

In this section we present two configurations with and without the photoresist buffer layer
(see figure 2). In the series of performed experiments, water-glycerin solutions were used to
achieve an aqueous medium with variable refractive index. Without the buffer layer, in the
same operating conditions, the sensor is capable of monitoring refractive indexes ranging from
1.330 to 1.360. In Figure 9 are presented the experimentally obtained SPR transmission spectra,
normalized to the spectrum achieved with air as the surrounding medium, for three different
water-glycerin solutions with refractive index ranging from 1.332 to 1.352.

In the presence of the photoresist buffer layer, the refractive index range is increased. In
particular, this fiber optic sensor is capable of monitoring an aqueous environment whose
refractive index ranges from 1.332 to 1.418.

In Figure 10 are presented the experimentally obtained SPR transmission spectra, normalized
to the spectrum achieved with air as the surrounding medium, obtained in this case with the
photoresist buffer layer, for different water-glycerin solutions with refractive index ranging
from 1.332 to 1.418.

In presence of the photoresist buffer layer, the refractive index range is increased while the
sensitivity is the same.

Bio and Chemical Sensors Based on Surface Plasmon Resonance in a Plastic Optical Fiber
http://dx.doi.org/10.5772/57148

127



 

 
For a clearer comparative analysis of the two experimental setups, table 1 summarizes the 
average values of the experimentally measured performance parameters, evaluated by 
Matlab software, for external medium refractive index ranging from 1.333 to 1.371. 

 

 
Table 1. Performance parameters for different experimental configurations 

 

Experimental 
setup Sensitivity (S) Margin of error (∂E) ∆n = S-1 * 

∂E 
White Light 

Source/ spectrum 
analyzer 

 

(spectral resolution 
of the spectrometer)   

1.5 nm (FWHM) 

0.00131 
[RIU] 

LED/photodiodes  
(standard 

deviation) 3.84×10−4 
0.00147  
[RIU] 

Fig. 7 Relative output as a function of time, for different 
refractive index values 

0 100 200 300 400 500 600 700 800 900 1000
0.142

0.144

0.146

0.148

0.15

0.152

0.154

0.156

0.158

0.16

0.162

Time [s]

R
el

at
iv

e 
ou

tp
ut

Air

1.333
1.351

1.371

1.333

Fig. 8 Relative output as a function of refractive index 

1.32 1.33 1.34 1.35 1.36 1.37
0.135

0.14

0.145

0.15

0.155

0.16

0.165

0.17

Refracted index

R
el

at
iv

e 
O

ut
pu

t

Experimental values
   Linear Fitting

Figure 7. Relative output as a function of time, for different refractive index values

 

 
For a clearer comparative analysis of the two experimental setups, table 1 summarizes the 
average values of the experimentally measured performance parameters, evaluated by 
Matlab software, for external medium refractive index ranging from 1.333 to 1.371. 

 

 
Table 1. Performance parameters for different experimental configurations 

 

Experimental 
setup Sensitivity (S) Margin of error (∂E) ∆n = S-1 * 

∂E 
White Light 

Source/ spectrum 
analyzer 

 

(spectral resolution 
of the spectrometer)   

1.5 nm (FWHM) 

0.00131 
[RIU] 

LED/photodiodes  
(standard 

deviation) 3.84×10−4 
0.00147  
[RIU] 

Fig. 7 Relative output as a function of time, for different 
refractive index values 

0 100 200 300 400 500 600 700 800 900 1000
0.142

0.144

0.146

0.148

0.15

0.152

0.154

0.156

0.158

0.16

0.162

Time [s]

R
el

at
iv

e 
ou

tp
ut

Air

1.333
1.351

1.371

1.333

Fig. 8 Relative output as a function of refractive index 

1.32 1.33 1.34 1.35 1.36 1.37
0.135

0.14

0.145

0.15

0.155

0.16

0.165

0.17

Refracted index

R
el

at
iv

e 
O

ut
pu

t

Experimental values
   Linear Fitting

Figure 8. Relative output as a function of refractive index

Optical Sensors - New Developments and Practical Applications126

For a clearer comparative analysis of the two experimental setups, table 1 summarizes the
average values of the experimentally measured performance parameters, evaluated by Matlab
software, for external medium refractive index ranging from 1.333 to 1.371.

Experimental setup Sensitivity (S) Margin of error (∂E) ∆n = S-1 * ∂E

White Light Source/

spectrum analyzer
δ resonance wavelength

δ refractive index = 1.14* 10^3 nm
RIU

(spectral resolution of the

spectrometer)

1.5 nm (FWHM)

0.00131 [RIU]

LED/photodiodes δ relative output
δ refractive index = 0.26 a.u.

RIU

(standard deviation)

3.84×10−4
0.00147 [RIU]

Table 1. Performance parameters for different experimental configurations

5. Performance comparison of sensors based on SPR in POF

In this section different POF sensor configurations are presented and experimentally tested
with spectral interrogation: First, the configurations with and without photoresist buffer layer;
then, the configurations with two different POF core diameters and finally the configuration
with a tapered POF.

5.1. POF sensors with and without the photoresist layer

In this section we present two configurations with and without the photoresist buffer layer
(see figure 2). In the series of performed experiments, water-glycerin solutions were used to
achieve an aqueous medium with variable refractive index. Without the buffer layer, in the
same operating conditions, the sensor is capable of monitoring refractive indexes ranging from
1.330 to 1.360. In Figure 9 are presented the experimentally obtained SPR transmission spectra,
normalized to the spectrum achieved with air as the surrounding medium, for three different
water-glycerin solutions with refractive index ranging from 1.332 to 1.352.

In the presence of the photoresist buffer layer, the refractive index range is increased. In
particular, this fiber optic sensor is capable of monitoring an aqueous environment whose
refractive index ranges from 1.332 to 1.418.

In Figure 10 are presented the experimentally obtained SPR transmission spectra, normalized
to the spectrum achieved with air as the surrounding medium, obtained in this case with the
photoresist buffer layer, for different water-glycerin solutions with refractive index ranging
from 1.332 to 1.418.

In presence of the photoresist buffer layer, the refractive index range is increased while the
sensitivity is the same.
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Figure 9. Experimentally obtained SPR transmission spectra, normalized to the air spectrum, for different refractive
index of the aqueous medium. Configuration without the photoresist buffer layer.
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Figure 10. Experimentally obtained SPR transmission spectra, normalized to the air spectrum, for different refractive
index of the aqueous medium. Configuration with the photoresist buffer layer.

Without the photoresist buffer layer there is a decrease in the power transmitted to the fiber
end facet, due to a greater dissipation. This decrease results in the decrease of the SPR curve
and the increase of the SPR curve width. Therefore, it can be conveniently established that SPR
curve width increases (δλSW) without the photoresist buffer layer, as shown for example in
Figure 11 for a refractive index equal to 1.332 (water).
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Figure 11. The full width at half maximum (FWHM) of the SPR curve for the two sensors configurations with and with‐
out the buffer layer for an external refractive index of 1.332.

The observed absorption band is the result of the convolution of different resonance peaks.
Each peak is obtained for a specific resonance condition defined by a given angle-wavelength
couple. Therefore, the experimental results indicate that the configuration with the photoresist
buffer layer exhibits better performance in terms of detectable refractive index range and SNR.

5.2. POF sensors with two different POF core diameters

In this section we presented the influence of POF core diameter on sensor performances. Before
entering the details of the discussion, as a similar analysis is present in the literature with
reference to a sensor based SPR in silica optical fiber without any buffer layer between the fiber
core and the gold film [8], it is convenient to briefly recall some fundamental aspects of light
rays propagation in optical fibers where surface plasmons are excited.

Inside an optical fiber, any light ray making an angle θ from the normal to core-cladding
interface undergoes multiple reflections (Nref), depending on the length of SPR sensing region
(L) and fiber core diameter (D), according to the following relation [8]:

( )
tan

q
q

=ref
LN

D
(7)

To determine the effective transmitted power, the reflectance (Re) for a single reflection is raised
to the power equal to corresponding number of reflections. Therefore, the generalized
expression (all guided rays) for the normalized transmitted power (Ptrans) in sensors based on
SPR in fiber optic can be written as:

Bio and Chemical Sensors Based on Surface Plasmon Resonance in a Plastic Optical Fiber
http://dx.doi.org/10.5772/57148

129



500 550 600 650 700 750 800

0.92

0.93

0.94

0.95

0.96

0.97

0.98

Wavelength [nm]

N
or

m
al

iz
ed

 T
ra

ns
m

itt
ed

 L
ig

ht
 In

te
ns

ity

 

 
1.332
1.342
1.352

Figure 9. Experimentally obtained SPR transmission spectra, normalized to the air spectrum, for different refractive
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Without the photoresist buffer layer there is a decrease in the power transmitted to the fiber
end facet, due to a greater dissipation. This decrease results in the decrease of the SPR curve
and the increase of the SPR curve width. Therefore, it can be conveniently established that SPR
curve width increases (δλSW) without the photoresist buffer layer, as shown for example in
Figure 11 for a refractive index equal to 1.332 (water).
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Figure 11. The full width at half maximum (FWHM) of the SPR curve for the two sensors configurations with and with‐
out the buffer layer for an external refractive index of 1.332.

The observed absorption band is the result of the convolution of different resonance peaks.
Each peak is obtained for a specific resonance condition defined by a given angle-wavelength
couple. Therefore, the experimental results indicate that the configuration with the photoresist
buffer layer exhibits better performance in terms of detectable refractive index range and SNR.

5.2. POF sensors with two different POF core diameters

In this section we presented the influence of POF core diameter on sensor performances. Before
entering the details of the discussion, as a similar analysis is present in the literature with
reference to a sensor based SPR in silica optical fiber without any buffer layer between the fiber
core and the gold film [8], it is convenient to briefly recall some fundamental aspects of light
rays propagation in optical fibers where surface plasmons are excited.

Inside an optical fiber, any light ray making an angle θ from the normal to core-cladding
interface undergoes multiple reflections (Nref), depending on the length of SPR sensing region
(L) and fiber core diameter (D), according to the following relation [8]:

( )
tan

q
q

=ref
LN

D
(7)

To determine the effective transmitted power, the reflectance (Re) for a single reflection is raised
to the power equal to corresponding number of reflections. Therefore, the generalized
expression (all guided rays) for the normalized transmitted power (Ptrans) in sensors based on
SPR in fiber optic can be written as:
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In Equation (8), I(θ) is the angular intensity distribution corresponding to the light source used.
Further, θcr is the critical angle of the fiber, which heavily depends on the Numerical Aperture
(NA) of the fiber and light wavelength.

The angular range from θcr to π/2 covers whole range of guided rays (or modes) as these angles
correspond to the highest order mode and the fundamental mode of an optical fiber, respec‐
tively. The number of modes that can propagate in a fiber depends on the fiber’s Numerical
Aperture (or acceptance angle) as well as on its core diameter and the wavelength of the light.
For a step-index multimode fiber, the number of such modes, M, is approximated (M >> 1) by:
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where D is the core diameter, λ is the operating wavelength, NA is the Numerical Aperture
(or acceptance angle, as shown in Figure 12).

Figure 12. Optical fiber acceptance cone.

In general, numerical aperture of a Plastic Optical Fiber is greater than that of a Silica Optical
Fiber. The resonance condition (see Equation (1)) is satisfied at different wavelengths depend‐
ing on which combination of core diameter and sensing region length is considered. It is so
clear that the performance parameters of a fiber optic SPR sensor strictly depend on the values
of design parameters such as fiber core diameter (D), sensing region length (L), and numerical
aperture (NA). In this section, we analyze the influence of two values of Plastic Optical Fiber
core diameter (D) on the performance of a sensor based on Surface Plasmon Resonance in a
POF, where the sensing region length is fixed and a photoresist buffer layer is placed between
the fiber core and the gold film (see figure 2).
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For sensors based on SPR in optical fiber (silica or plastic) the shift in resonance wavelength
(δλres), for a fixed refractive index variation (δns), increases with a decrease in the number of
reflections. Therefore, sensitivity increases with the increase of fiber core diameter and with
the decrease of sensing region length.

Figure 13 reports the experimentally obtained SPR transmission spectra, when the diameter
POF is 1,000 µm (figure 13 (a)) and 250 µm (figure 13 (b)), normalized to the spectrum achieved
with air as the surrounding medium, for five different water-glycerin solutions with refractive
index ranging from 1.332 to 1.372.
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Fig 13. Experimentally obtained SPR transmission spectra, normalized to the 
air spectrum, for different refractive index of the aqueous medium.  

(a) Configuration with a 1,000 μm diameter POF. 
 (b) Configuration with a 250 μm diameter POF 

 
Figure 14 shows the resonance wavelength versus the refractive index obtained with the two 
different configurations. In the same figure is also presented the linear fitting to the 
experimental data, showing a good linearity for the sensors. The Pearson’s correlation 
coefficient (R) is 0.99 for the sensor with a POF of 1,000 μm and 0.98 for the sensor with a 
POF of 250 μm diameter.  
The sensitivity, as defined in Equation (2), is the shift of the resonance wavelength (nm) per 
unit change in refractive index (nm/RIU). Therefore, it is the angular coefficient of the linear 
fitting. Figure 14 shows as the sensitivity increases with the fiber core diameter. 

Figure 13. Experimentally obtained SPR transmission spectra, normalized to the air spectrum, for different refractive
index of the aqueous medium. (a) Configuration with a 1,000 μm diameter POF; (b) Configuration with a 250 μm di‐
ameter POF
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In Equation (8), I(θ) is the angular intensity distribution corresponding to the light source used.
Further, θcr is the critical angle of the fiber, which heavily depends on the Numerical Aperture
(NA) of the fiber and light wavelength.

The angular range from θcr to π/2 covers whole range of guided rays (or modes) as these angles
correspond to the highest order mode and the fundamental mode of an optical fiber, respec‐
tively. The number of modes that can propagate in a fiber depends on the fiber’s Numerical
Aperture (or acceptance angle) as well as on its core diameter and the wavelength of the light.
For a step-index multimode fiber, the number of such modes, M, is approximated (M >> 1) by:
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where D is the core diameter, λ is the operating wavelength, NA is the Numerical Aperture
(or acceptance angle, as shown in Figure 12).

Figure 12. Optical fiber acceptance cone.

In general, numerical aperture of a Plastic Optical Fiber is greater than that of a Silica Optical
Fiber. The resonance condition (see Equation (1)) is satisfied at different wavelengths depend‐
ing on which combination of core diameter and sensing region length is considered. It is so
clear that the performance parameters of a fiber optic SPR sensor strictly depend on the values
of design parameters such as fiber core diameter (D), sensing region length (L), and numerical
aperture (NA). In this section, we analyze the influence of two values of Plastic Optical Fiber
core diameter (D) on the performance of a sensor based on Surface Plasmon Resonance in a
POF, where the sensing region length is fixed and a photoresist buffer layer is placed between
the fiber core and the gold film (see figure 2).
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For sensors based on SPR in optical fiber (silica or plastic) the shift in resonance wavelength
(δλres), for a fixed refractive index variation (δns), increases with a decrease in the number of
reflections. Therefore, sensitivity increases with the increase of fiber core diameter and with
the decrease of sensing region length.

Figure 13 reports the experimentally obtained SPR transmission spectra, when the diameter
POF is 1,000 µm (figure 13 (a)) and 250 µm (figure 13 (b)), normalized to the spectrum achieved
with air as the surrounding medium, for five different water-glycerin solutions with refractive
index ranging from 1.332 to 1.372.

5 5 0 6 0 0 6 5 0 7 0 0 7 5 0 8 0 0

0 .8 8

0 .9

0 .9 2

0 .9 4

0 .9 6

0 .9 8

1

1 .0 2

W ave le n g th  [n m ]

N
or

m
al

iz
ed

 T
ra

ns
m

itt
ed

 L
ig

ht
 In

te
ns

ity

P O F  1 0 0 0

1 .3 3 2
1 .3 4 3
1 .3 5 1
1 .3 5 9
1 .3 7 2

 
(a) 

 

5 8 0 6 0 0 6 2 0 6 4 0 6 6 0 6 8 0 7 0 0

0 .7 5

0 .8

0 .8 5

0 .9

0 .9 5

W a ve le n g th  [n m ]

N
or

m
al

iz
ed

 T
ra

ns
m

itt
ed

 L
ig

ht
 In

te
ns

ity

P O F  2 5 0

1 .3 3 2
1 .3 4 3
1 .3 5 1
1 .3 5 9
1 .3 7 2

 
(b) 

Fig 13. Experimentally obtained SPR transmission spectra, normalized to the 
air spectrum, for different refractive index of the aqueous medium.  

(a) Configuration with a 1,000 μm diameter POF. 
 (b) Configuration with a 250 μm diameter POF 

 
Figure 14 shows the resonance wavelength versus the refractive index obtained with the two 
different configurations. In the same figure is also presented the linear fitting to the 
experimental data, showing a good linearity for the sensors. The Pearson’s correlation 
coefficient (R) is 0.99 for the sensor with a POF of 1,000 μm and 0.98 for the sensor with a 
POF of 250 μm diameter.  
The sensitivity, as defined in Equation (2), is the shift of the resonance wavelength (nm) per 
unit change in refractive index (nm/RIU). Therefore, it is the angular coefficient of the linear 
fitting. Figure 14 shows as the sensitivity increases with the fiber core diameter. 

Figure 13. Experimentally obtained SPR transmission spectra, normalized to the air spectrum, for different refractive
index of the aqueous medium. (a) Configuration with a 1,000 μm diameter POF; (b) Configuration with a 250 μm di‐
ameter POF
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Figure 14 shows the resonance wavelength versus the refractive index obtained with the two
different configurations. In the same figure is also presented the linear fitting to the experi‐
mental data, showing a good linearity for the sensors. The Pearson’s correlation coefficient (R)
is 0.99 for the sensor with a POF of 1,000 µm and 0.98 for the sensor with a POF of 250 µm
diameter.

The sensitivity, as defined in Equation (2), is the shift of the resonance wavelength (nm) per
unit change in refractive index (nm/RIU). Therefore, it is the angular coefficient of the linear
fitting. Figure 14 shows as the sensitivity increases with the fiber core diameter.
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Fig 14. Plasmon resonance wavelength as a function of the refractive index.  
(a) Configuration with a 1,000 μm diameter POF.  
(b) Configuration with a 250 μm diameter POF. 

 
Furthermore, as sensor’s resolution also depends on the variation of δλres (see Equation (3)), 
therefore, similarly to sensitivity, resolution also tends to improve for larger fiber core 
diameters (see Figure 15). In fact, the resolution (∆n) can be calculated as the angular 
coefficient of the linear fitting in Figure 15 multiplied to the spectral resolution (δλDR) of the 
spectrometer used to measure the resonance wavelength. 
 

Figure 14. Plasmon resonance wavelength as a function of the refractive index. (a) Configuration with a 1,000 μm
diameter POF. (b) Configuration with a 250 μm diameter POF.

Furthermore, as sensor’s resolution also depends on the variation of δλres (see Equation (3)),
therefore, similarly to sensitivity, resolution also tends to improve for larger fiber core
diameters (see Figure 15). In fact, the resolution (∆n) can be calculated as the angular coefficient
of the linear fitting in Figure 15 multiplied to the spectral resolution (δλDR) of the spectrometer
used to measure the resonance wavelength.
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(a) 

(b) 

Figure 15. Refractive index as a function of the plasmon resonance wavelength. (a) Configurations with a 1,000 μm
diameter POF. (b) Configurations with a 250 μm diameter POF.

The experimental results obtained with the two values of POF core diameter have shown as
the Numerical Aperture of POF and the photoresist buffer layer have produced a different
behavior with respect to many different configurations based on SPR in silica optical fibers, as
SNR is concerned. From our experimental results [5], it is clear that the shift in resonance
wavelength (δλres), for a fixed refractive index variation (δns), increases when the core diameter
increases. Therefore, sensitivity increases with an increase in fiber core diameter. Furthermore,
in the sensors based on SPR in POF (configuration with the photoresist buffer layer) as already
established, SPR curve width (δλSW) increases with an increase in fiber core diameter. There‐
fore, it can be conveniently established that SPR curve width increases (δλSW) with the increase
of fiber core diameter, as shown in Figure 16 for a refractive index equal to 1.332.

SPR curve width δλSW can be calculated as the full width at half maximum (FWHM) of the SPR
curve. FWHM of the SPR curve as a function of the refractive index is shown in Figure 17.
Therefore, SNR is expected to decrease because an increase in the shift in resonance wavelength
(δλres) produces a larger increase in the curve width (δλSW), for a fixed increase in fiber core
diameter.

More precisely, for a POF with 250 µm of diameter, the angular coefficient of the linear fitting
shown in Figure 14 (δλres) is greater than the angular coefficient of the linear fitting shown in
Figure 17 (δλSW). In this case SNR is greater than one. For a POF with 1,000 µm of diameter the
angular coefficient of the linear fitting shown in Figure 14 (δλres) is lower than the angular
coefficient of the linear fitting shown in Figure 17 (δλSW). In this case SNR is less than one.
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Figure 14 shows the resonance wavelength versus the refractive index obtained with the two
different configurations. In the same figure is also presented the linear fitting to the experi‐
mental data, showing a good linearity for the sensors. The Pearson’s correlation coefficient (R)
is 0.99 for the sensor with a POF of 1,000 µm and 0.98 for the sensor with a POF of 250 µm
diameter.

The sensitivity, as defined in Equation (2), is the shift of the resonance wavelength (nm) per
unit change in refractive index (nm/RIU). Therefore, it is the angular coefficient of the linear
fitting. Figure 14 shows as the sensitivity increases with the fiber core diameter.

 

 
(a) 

 

 
(b) 

Fig 14. Plasmon resonance wavelength as a function of the refractive index.  
(a) Configuration with a 1,000 μm diameter POF.  
(b) Configuration with a 250 μm diameter POF. 

 
Furthermore, as sensor’s resolution also depends on the variation of δλres (see Equation (3)), 
therefore, similarly to sensitivity, resolution also tends to improve for larger fiber core 
diameters (see Figure 15). In fact, the resolution (∆n) can be calculated as the angular 
coefficient of the linear fitting in Figure 15 multiplied to the spectral resolution (δλDR) of the 
spectrometer used to measure the resonance wavelength. 
 

Figure 14. Plasmon resonance wavelength as a function of the refractive index. (a) Configuration with a 1,000 μm
diameter POF. (b) Configuration with a 250 μm diameter POF.

Furthermore, as sensor’s resolution also depends on the variation of δλres (see Equation (3)),
therefore, similarly to sensitivity, resolution also tends to improve for larger fiber core
diameters (see Figure 15). In fact, the resolution (∆n) can be calculated as the angular coefficient
of the linear fitting in Figure 15 multiplied to the spectral resolution (δλDR) of the spectrometer
used to measure the resonance wavelength.
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Figure 15. Refractive index as a function of the plasmon resonance wavelength. (a) Configurations with a 1,000 μm
diameter POF. (b) Configurations with a 250 μm diameter POF.

The experimental results obtained with the two values of POF core diameter have shown as
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(δλres) produces a larger increase in the curve width (δλSW), for a fixed increase in fiber core
diameter.

More precisely, for a POF with 250 µm of diameter, the angular coefficient of the linear fitting
shown in Figure 14 (δλres) is greater than the angular coefficient of the linear fitting shown in
Figure 17 (δλSW). In this case SNR is greater than one. For a POF with 1,000 µm of diameter the
angular coefficient of the linear fitting shown in Figure 14 (δλres) is lower than the angular
coefficient of the linear fitting shown in Figure 17 (δλSW). In this case SNR is less than one.
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(a) 

(b) 

Figure 17. The full width at half maximum of the SPR curve as a function of the refractive index. (a) Configuration
with a 1,000 μm diameter POF. (b) Configuration with a 250 μm diameter POF.
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Figure 16. The full width at half maximum of the SPR curve for the two sensors configurations (250 μm and 1,000 μm
POF diameter) for an external refractive index of 1.332.
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The plasmon resonance wavelength as a function of the full width at half maximum of the SPR
curve is shown in Figure 18. SNR can be calculated as the angular coefficient of the linear fitting
reported in Figure 18. From the above figure, it is clear that the SNR increases when the fiber
core diameter decreases. It is important to emphasize that the calculation, from experimental
data, of the single values of above parameters has been carried out by employing a first-order
approach, while the linear fitting does not imply an actual linear relationship but it is just a
way to extrapolate a trend and allow an easy comparison between the two sensor systems.

(a) 

(b) 

Figure 18. Plasmon resonance wavelength as a function of the full width at half maximum of the SPR curve. (a) Con‐
figuration with a 1,000 μm diameter POF. (b) Configuration with a 250 μm diameter POF.

For a clearer comparative analysis between the two sensors with 250 µm and 1,000 µm diameter
POFs, Table 2 summarizes the averages values of the experimentally measured performance
parameters, evaluated by Matlab software, for external medium refractive index ranging from
1.332 to 1.372.
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Figure 16. The full width at half maximum of the SPR curve for the two sensors configurations (250 μm and 1,000 μm
POF diameter) for an external refractive index of 1.332.
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The plasmon resonance wavelength as a function of the full width at half maximum of the SPR
curve is shown in Figure 18. SNR can be calculated as the angular coefficient of the linear fitting
reported in Figure 18. From the above figure, it is clear that the SNR increases when the fiber
core diameter decreases. It is important to emphasize that the calculation, from experimental
data, of the single values of above parameters has been carried out by employing a first-order
approach, while the linear fitting does not imply an actual linear relationship but it is just a
way to extrapolate a trend and allow an easy comparison between the two sensor systems.
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Figure 18. Plasmon resonance wavelength as a function of the full width at half maximum of the SPR curve. (a) Con‐
figuration with a 1,000 μm diameter POF. (b) Configuration with a 250 μm diameter POF.

For a clearer comparative analysis between the two sensors with 250 µm and 1,000 µm diameter
POFs, Table 2 summarizes the averages values of the experimentally measured performance
parameters, evaluated by Matlab software, for external medium refractive index ranging from
1.332 to 1.372.
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POF Diameter

[μm]
Resolution (Δn) [RIU]

Signal-to-noise ratio

(SNR)

Sensitivity (S) [nm/

RIU]
FWHM/Δn [nm/RIU]

250 0.0027 1.7548 0.549 × 103 0.298 × 103

1,000 0.0010 0.8569 1.325 × 103 1.495 × 103

Table 2. Performance comparison for the two sensors configurations: 250 μm and 1,000 μm diameter POF,
respectively.

5.3. Sensor configuration with taperd POF

Figure 19 shows the optical sensor configuration with a tapered POF. The optical sensor can
be realized removing the cladding of a plastic optical fiber along half circumference, heating
and stretching it and finally sputtering a thin gold film.
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20 complete strokes with a “Figure 8” pattern. The thin gold film was sputtered by using a 
sputtering machine (Bal-Tec SCD 500).The sputtering process was repeated three-time with 
a current of 60 mA for a time of 35 seconds (20 nm for step). On the top of planar gold film it 
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Figure 19. Sensor system based on SPR in tapered POF

The experimental results, presented in this section, are obtained with the following configu‐
ration: The plastic optical fiber has a PMMA core of 980 µm and a fluorinated cladding of
20µm. The taper ratio (ri/ro) is about 1.5 and the sensing region (L) is about 10 mm in length.
The thicknesses of gold layer is about 60 nm. The sensor was realized starting from a plastic
optical fiber, without protective jacket, heated (at 150°C) and stretched with a motorized linear
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positioning stage until the taper ratio reached 1.5. After this step, the POF was embedded in
a resin block, and polished with a 5 µm polishing paper in order to remove the cladding and
part of the core. After 20 complete strokes following a “8-shaped” pattern in order to com‐
pletely expose the core, a 1 µm polishing paper was used for another 20 complete strokes with
a “8-shaped” pattern. The thin gold film was sputtered by using a sputtering machine (Bal-
Tec SCD 500).The sputtering process was repeated three-time with a current of 60 mA for a
time of 35 seconds (20 nm for step). On the top of planar gold film it is possible to apply a bio/
chemical layer for the selective detection of analytes.

When SPR is achieved in optical fibers, the introduction of the tapered region (a) in fig. 19 helps
to reduce the incidence angles of the guided rays in the fiber close to the critical angle of the
unclad uniform tapered region. This is obtained by choosing the minimum allowed value of
the radius of the output end of the taper so that all the rays remain guided in the uniform core
sensing region [9]. After propagating through the uniform region the rays enter the tapered
region (b) (see fig. 19) which reconverts the angles of these rays into their initial values so that
they can propagate up to the output end of the fiber. Thus, the sensing probe has the minimum
diameter such that no ray leaks out and a majority of rays are bound to propagate close to the
critical angle, thereby increasing the penetration depth of the evanescent field to almost the
maximum value [9].

Figure 20 reports the experimentally obtained SPR transmission spectra, obtained with this
tapered POF configuration, normalized to the spectrum achieved with air as the surrounding
medium, for six different water-glycerin solutions with refractive index ranging from 1.333 to
1.385.
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Figure 20. Experimentally obtained SPR transmission spectra, normalized to the air spectrum, for different refractive
index of the aqueous medium. Configuration with tapered POF.
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Signal-to-noise ratio
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FWHM/Δn [nm/RIU]

250 0.0027 1.7548 0.549 × 103 0.298 × 103

1,000 0.0010 0.8569 1.325 × 103 1.495 × 103

Table 2. Performance comparison for the two sensors configurations: 250 μm and 1,000 μm diameter POF,
respectively.

5.3. Sensor configuration with taperd POF

Figure 19 shows the optical sensor configuration with a tapered POF. The optical sensor can
be realized removing the cladding of a plastic optical fiber along half circumference, heating
and stretching it and finally sputtering a thin gold film.
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Figure 19. Sensor system based on SPR in tapered POF

The experimental results, presented in this section, are obtained with the following configu‐
ration: The plastic optical fiber has a PMMA core of 980 µm and a fluorinated cladding of
20µm. The taper ratio (ri/ro) is about 1.5 and the sensing region (L) is about 10 mm in length.
The thicknesses of gold layer is about 60 nm. The sensor was realized starting from a plastic
optical fiber, without protective jacket, heated (at 150°C) and stretched with a motorized linear
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positioning stage until the taper ratio reached 1.5. After this step, the POF was embedded in
a resin block, and polished with a 5 µm polishing paper in order to remove the cladding and
part of the core. After 20 complete strokes following a “8-shaped” pattern in order to com‐
pletely expose the core, a 1 µm polishing paper was used for another 20 complete strokes with
a “8-shaped” pattern. The thin gold film was sputtered by using a sputtering machine (Bal-
Tec SCD 500).The sputtering process was repeated three-time with a current of 60 mA for a
time of 35 seconds (20 nm for step). On the top of planar gold film it is possible to apply a bio/
chemical layer for the selective detection of analytes.

When SPR is achieved in optical fibers, the introduction of the tapered region (a) in fig. 19 helps
to reduce the incidence angles of the guided rays in the fiber close to the critical angle of the
unclad uniform tapered region. This is obtained by choosing the minimum allowed value of
the radius of the output end of the taper so that all the rays remain guided in the uniform core
sensing region [9]. After propagating through the uniform region the rays enter the tapered
region (b) (see fig. 19) which reconverts the angles of these rays into their initial values so that
they can propagate up to the output end of the fiber. Thus, the sensing probe has the minimum
diameter such that no ray leaks out and a majority of rays are bound to propagate close to the
critical angle, thereby increasing the penetration depth of the evanescent field to almost the
maximum value [9].

Figure 20 reports the experimentally obtained SPR transmission spectra, obtained with this
tapered POF configuration, normalized to the spectrum achieved with air as the surrounding
medium, for six different water-glycerin solutions with refractive index ranging from 1.333 to
1.385.
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Figure 20. Experimentally obtained SPR transmission spectra, normalized to the air spectrum, for different refractive
index of the aqueous medium. Configuration with tapered POF.
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Figure 21 shows the resonance wavelength versus the refractive index. In the same figure, it
is also presented the linear fitting to the experimental data. The sensitivity, as defined in
Equation (2), is the angular coefficient of the linear fitting. Figure 21 shows as the sensitivity
increases with the tapered POF configuration.

In this case, i.e. tapered POF without photoresist buffer layer, the sensitivity is about 2*103 (nm/
RIU), and it is doubled with respect to the case without tapered POF configuration.

1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.4
580

600

620

640

660

680

700

720

740

760

Refractive Index

R
es

on
an

ce
 W

av
el

en
gt

h 
[n

m
]

 

 

Experimental values
   linear fitting

Figure 21. Plasmon resonance wavelength as a function of the refractive index. Configuration with tapered POF

6. SPR for detection of Bio/chemical Analytes

When artificial receptors are used for Bio/chemicals detection, the film on the surface of metal
selectively recognizes and captures the analyte present in a liquid sample so producing a local
increase in the refractive index at the metal surface.

The refractive index change Δns induced by the analyte molecules binding to the biorecognition
elements can be expressed as [10]:

æ öD = Dç ÷
è ø

s s
vol

dnn c
dc (10)

where (dn/dc)vol is the volume refractive index increment, and Δcs is the concentration variation
of bound analyte expressed in mass/volume or in any other concentration units in the polymer
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phase. The value of the refractive index increment depends on the structure of the analyte
molecules [11,12].

The refractive index increase gives rise to an increase in the propagation constant of SPW
propagating along the metal surface which can be accurately measured, as previously stated.

For this bio-chemical optical sensor with spectral interrogation, the sensitivity is more
conveniently defined as:

dl
d

é ù= ê úë û
res nmS

C M (11)

In other words, the sensitivity can be defined by calculating the shift in resonance wavelength
per unit change in analyte concentration (nm/M).

7. Conclusions

In this chapter we have presented an analysis of SPR phenomenon, a POF sensor based on SPR
with the related experimental configurations, a performance comparison of sensors based on
SPR in POF and a possible implementation as biosensors. The presented devices are based on
the excitation of surface plasmons at the interface between an under test medium (aqueous
medium) and a thin planar gold layer deposited on a modified plastic optical fiber. Therefore,
the proposed sensing head, being low cost and relatively easy to realize, may be very attractive
for bio/chemical sensor implementation [6,7].
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Figure 21 shows the resonance wavelength versus the refractive index. In the same figure, it
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Equation (2), is the angular coefficient of the linear fitting. Figure 21 shows as the sensitivity
increases with the tapered POF configuration.
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phase. The value of the refractive index increment depends on the structure of the analyte
molecules [11,12].

The refractive index increase gives rise to an increase in the propagation constant of SPW
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In other words, the sensitivity can be defined by calculating the shift in resonance wavelength
per unit change in analyte concentration (nm/M).

7. Conclusions

In this chapter we have presented an analysis of SPR phenomenon, a POF sensor based on SPR
with the related experimental configurations, a performance comparison of sensors based on
SPR in POF and a possible implementation as biosensors. The presented devices are based on
the excitation of surface plasmons at the interface between an under test medium (aqueous
medium) and a thin planar gold layer deposited on a modified plastic optical fiber. Therefore,
the proposed sensing head, being low cost and relatively easy to realize, may be very attractive
for bio/chemical sensor implementation [6,7].
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Chapter 8

Optical Sensors Applied in Agricultural Crops

Fabrício Pinheiro Povh and
Wagner de Paula Gusmão dos Anjos

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57145

1. Introduction

There is a very wide range of optical sensors applied in agriculture, which goes from sensors
used to analyze soil attributes to sensors installed in combines to measure protein content in
wheat grains while they are being harvested. But in this chapter we are going to discuss about
optical sensors that, from a short distance are able to measure the agricultural crop’s reflectance
using specific wavelengths, and how can we use this information.

This kind of optical sensors began to be studied in 1991 with the development of sensors
focused in weed detection at the Oklahoma State University. Just based on the simple fact that
soil and plants (weeds) have a different interaction with the light emitted from the sensors,
allowing identifying what is soil and what is a plant.

In 1992 there was the first discussion between the Departments of Plant and Soil Sciences and
Biosystems and Agricultural Engineering concerning the possibility of sensing biomass in
wheat and bermudagrass. The objective was to use biomass as an indicator of nutrient need
(based on removal). In 1993 Dr. John Solie, Dr. Marvin Stone and Shannon Osbourne collected
sensor readings at ongoing bermudagrass, with nitrogen rates versus nitrogen timing experi‐
ments with the Noble Foundation in Ardmore, Oklahoma. Initial results were promising
enough to continue this work in wheat. And in fall of 1993 the first variable application of
nitrogen was done across a 70 meter transect. In 1994 John Ringer and Shannon Osbourne
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Foundation (A private research institution maintained by farmers created in 1984) located in
south Brazil, the studies began in 2006 with commercial sensors. Making applied research, the
results can be delivered immediately to the agronomists of five cooperatives (Capal, Batavo,
Castrolanda, Coopagrícola and Holambra).

The topics to be discussed in this chapter are:

1. The types of sensors used;
2. The range in the spectrum used by sensors and response on crops;
3. Aspects of use in the field and what could affect the measurements;
4. Experiments and the results obtained with sensors;
5. Use of optical sensors combined with a GPS receiver to create maps;
6. Nitrogen application based on sensor’s measurements;

2. The types of sensors used

The sensors to measure crops reflectance can be classified according to the platform, like
satellites, aerial (airplanes, UAV’s - unmanned aerial vehicles, balloon) and ground based. For
satellites, airplanes and UAV’s it is most common to use cameras to collect images, and ground
based optical sensors can collect reflectance data and storage in a text file. The ground sensors
can also be classified into active or passive. The basic difference is that the passive sensors need
an external source of light, like the sun. The active sensors have its own source of light, which
can be a wide range light or a specific wavelength.

There are available a few brands on the market, each one with its own construction charac‐
teristics like internal batteries, GPS antenna, data logger and log frequency. The Table 1 has
some examples:

Manufacturer Sensor Country

AgLeader OptRx United States

Falker ClorofiLOG Brazil

Force A Dualex and Multiplex France

Fritzmeier ISARIA Germany

Holland Scientific CropCircle United States

Konica Minolta SPAD Japan

Topcon CropSpec Japan

Trimble GreenSeeker United States

Yara N-Sensor Germany

Table 1. Optical sensors and manufacturers.
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There are also some differences about the distance from the sensor to the crops. For example,
the SPAD and the ClorofiLOG sensors need to make static measurements, touching the sensors
on crop’s leaves. The other sensors make the measurements from centimeters to meters, but
do not need to have contact with the leaves.

Figure 1. Crop Circle optical sensor.

Let’s use one of the available sensors as an example, the Crop Circle® ACS-210 sensor,
manufactured by the Holland Scientific Inc., Lincoln, Nebraska. As show in the picture (Figure
1) this sensor has one LED (Light Emitting Diode) that emits active radiation simultaneously
in visible and near infrared light with a system called PolySourceTM and two silicon photodi‐
odes with a spectral range of 320 to 1,100 nm to detect light. One detector works between 400
and 680 nm and the other between 800 and 1,100 nm. Using a filter on each detector, the
wavelengths used are the amber light (590 ± 5 nm) and near infrared (880 ± 10 nm). The sensor
must be placed between 0.25 and 2.13 m from the target, and then the light reaches the target
and reflects part of the energy, which is received by the detectors. This sensor needs external
batteries (12 V) and GPS antenna, but has its own data logger, that saves the data in a SD card.
Also in Figure 1 there is an example on how to install the sensors in a motorcycle to collect
data on-the-go.

The Figure 2 has two other examples, one is the Hand held GreenSeeker, from Trimble, and
the other one is a prototype from Oklahoma State University, which now is also being
commercialized by Trimble. The Pocket Sensor was designed for small farmers, made to be a
low cost sensor, it does not use GPS signal or a data logger, and you can just position the sensor
over the crop, press the trigger and see the value of NDVI (Normalized Difference Vegetation
Index).
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Figure 2. GreenSeeker sensor collecting NDVI values for weed (a) and (b); detailed pictures from GreenSeeker Hand
Held (c) and Pocket Sensor (d); and GreenSeeker mounted on a sprayer (e) and on a motorcycle (f) collecting NDVI
values in sugarcane.
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3. The range in the spectrum used by sensors and response on crops

The electromagnetic spectrum goes from gamma rays to radio waves. These sensors used for
measure crop reflectance usually work in the visible and near infrared region of the spectrum,
and combining at least two wavelengths to calculate vegetation indices. From the agronomic
point of view, the visible light has a straight relationship with the chlorophyll content,
absorbing the blue and red lights, and reflecting the green light. That’s what makes us to see
healthy plants as green. The near infrared light, not visible by the human eye, is reflected by
the mesophyll cells, which is found in more quantity in a plant than chlorophyll, resulting in
a much higher reflectance than visible lights. Using both wavelengths it is possible to evaluate
the color and biomass production of a crop. In practice, greener and higher biomass plants
have a higher chance to have higher yields.

Remote sensing can be defined as the technique of acquisition and application of information
about an object without any physical contact. The information is acquired by the detection and
measurement of changes that an object imposes to the environment around it, and this signal
may include an electromagnetic field emitted and/or reflected, acoustic waves reflected
and/or disturbed by the object or the disturbances of gravitational field or magnetic potential
with the presence of the object. Usually the acquisition of information is based on capturing
the electromagnetic signals that cover the entire spectrum of electromagnetic waves to radio
long waves, passing through microwaves, submillimeter, thermal and near infrared, visible,
ultraviolet, X ray and gamma ray [1].

The sensors used by remote sensing are devices capable of detect and register electromagnetic
radiation in certain range of electromagnetic spectrum and generate information that may be
transformed in a product, which can be interpreted, like an image, graphic or tables. The sensor
systems are basically formed by an optical part, constructed with lens or mirrors that have the
objective of receiving and directing the energy from the targets to the detectors.

The spectral reflectance measurements are the non-destructive approach most promising for
determining nitrogen deficiency in crops [2]. For this purpose, remote sensing has been used
to evaluate crop conditions related to nitrogen [3]. Many researchers used remote sensing to
estimate crop parameters like LAI (Leaf Area Index) [4], leaf chlorophyll content [2], soil cover
[5], dry matter [6], water content [7], yield [8], nitrogen content [9] and many others.

In reference [10] studying spectral signature of green leaves, was found that wavelengths from
400 to 700 nm (visible), the reflectance is low, about 10%, with a smooth increase at 550 nm
(green). In the near infrared region (700 to 1,300 nm) there is another increase in the reflectance,
close to 50%. For the visible light the low reflectance is related to the absorption associated to
leaf pigments, mainly chlorophyll. And the reflectance increase at the near infrared region is
due the internal structure of the leaves (size and shape of the cells and empty spaces). Com‐
bining both visible and near infrared reflectance there are the vegetation indices, which can be
resulted from two or more spectral bands.

First, [11] it was proposed the ratio between the measurements from 800 and 675 nm to
determine the leaf area index in forests. The relation between these two wavelengths is known
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as RVI (Ratio Vegetation Index). The NDVI (Normalized Difference Vegetation Index)
appeared just after [12], which was found a relation between two wavelengths that better
solved the issues about soil interference on the vegetation measurements, and also reduced
the atmosphere influence and sun angle variations.

The normalization proposed guarantees that the values obtained from the NDVI are contained
in the same scale of values, between -1 and 1, as shown in the equation (1).

( )
( )
r r
r r

-
=

+
IR V

IR V
NDVI (1)

Which:

ρIR = infrared reflectance;

ρV = visible reflectance.

The normalization is produced by the combination of the strong absorption by the chlorophyll
in the red region and the strong reflectance in the near infrared, due to the dispersion in the
leaf mesophyll and the absence of absorption by the pigments [13]. The peculiarity assigned
to the NDVI is the early saturation, what makes it insensible to biomass increase after certain
development stage. That means the NDVI stabilizes, showing constant values, even with the
biomass increase [10].

4. Aspects of use in the field and what can affect the measurements

Measurements in the field can be affected by the sensor positioning, like the distance from the
crop, dependence of a light source, the presence of dew over the leaves and also because of
factors that can stress the plants. The light source classifies the sensors in active and passive
sensors. The passive sensors are dependent of sunlight, not working at night or might show
different readings when there are clouds or shadows. There is a limitation of the distance from
the target to the sensor, because if it is too close the sensor may not capture the reflectance,
and if it is too far the data may have noise signals. And the presence of dew is just because the
presence of water over the leaves can change the reflectance in both visible and near infrared.
With the presence of dew the reflectance increases, but as visible light is more affected,
consequently reduces the NDVI values.

Other methods can be used instead of on-the-go sensing to indirectly measure nitrogen stress,
like chlorophyll content in the leaves using chlorophyll meters [14] like SPAD and ClorofiLOG.
In reference [15], analyzing aerial and satellite images it was found lower correlation with
wheat crops variables then ground sensors, besides depending on the weather it is not possible
to have satellite images due the presence of clouds.

The spectral data that can be obtained from satellite images have low temporal resolution to
use in agriculture. The ground acquisition is independent from the weather, the data collection
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can be done together with other machinery operation and the data are available just after you
finish, with no need of complicated processing [16]. Higher correlation was found between the
NDVI obtained from the GreenSeeker then the NDVI obtained from the satellite Quickbird II
images for the amount of nitrogen applied, nitrogen content on the flag leaf, yield and protein
content in wheat grains [15].

In reference [17] the author used a sensor installed in the front of a tractor to acquire spectral
data in wheat. The tractor was at the speed of 0.8 m/s, and the sensor was set to register data
with the frequency of 10 measurements per second. The authors found good relationship
between the reflectance and nitrogen absorption by the wheat crop. The same configuration
was used to collect data in pasture and also found good relationship between the NDVI and
the nitrogen removal by the crop [18]. But depending on the sensor used, the speed can also
affect the NDVI, increasing the coefficient of variation of the measurements.

An experiment conducted along the day, collecting NDVI values at the same spot but in
different times of the day showed that the presence of dew on the leaves reduced the NDVI
values of 12% for GreenSeeker and 27% for Crop Circle, from the first (7:30 am) to the last
reading (11:30 am). Near infrared showed small differences in the readings, not significant,
unlike the results of the visible data, but they both increased. These results lead to conclude
that the visible wavelength is more affected by the presence of dew than the near infrared.
Then, the presence of dew should be considered for nitrogen recommendation based on active
optical sensors.

Stressed plants can show a decrease in the absorption by the chlorophyll, also decreasing the
reflectance in the near infrared due to changes in the cells structure [19]. And that is what
makes the sensors to be promising while evaluating nitrogen stress. Many studies were
realized to estimate nitrogen deficiency in corn [3], wheat [20], edible beans [21], cotton [22],
citrus [23], barley [24] and sugarcane [25]. These authors showed great potential to use sensors
to estimate nitrogen content in crops.

5. Experiments and results obtained with sensors

As discussed previously, the sensors are able to measure differences in color and biomass
production. In the field when nitrogen is applied and the plant absorbs it, the result is a plant
greener and with more biomass. The Figure 3 shows the first experiment realized by ABC
Foundation in Brazil in the winter of 2006 with the result of nitrogen application in wheat and
the effect on the NDVI measured by the GreenSeeker sensor in two different soils.

The graphic in Figure 3 is a typical result of nutrient application in agricultural crops, with a
quadratic model. There is always a limit, technical or economic, which beyond that there is no
gain in yield. If linear models explained fertilizers application, where more fertilizer applied
should result in more yield, it would be much easier, but there is also a physiological response,
when higher nutrients rates become toxic to the plant. This result shows that applying more
nitrogen we could find a response from the NDVI measured with a GreenSeeker sensor. In
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Table 2 it is possible to see other variables that had significant correlation with the NDVI in
the same experiment.

Figure 3. First experiment and NDVI response with nitrogen rates in wheat.

Variables
Inceptsol Oxisol

(r)

Leaf N x Yield 0,99** 0,95**

Dry Matter x Yield 0,98** 0,97**

NDVI x Leaf N 0,95** 0,88*

NDVI x Dry Matter 0,97** 0,99**

NDVI x Yield 0,95** 0,98**

Table 2. Coefficients of correlation (r) between the evaluated variables in a wheat experiment in two different soil
types. Leaf nitrogen content, dry matter and NDVI were evaluated 76 days after sowing, at the Feekes 10 stage of
development.

6. Use of optical sensors combined with a GPS receiver to create maps

Maybe one of the most interesting applications for optical sensors in agriculture is to be able
to use geographical coordinates to create maps from reflectance measurements. But why do
that? Precision Agriculture is based on the fact that all fields have variability. Understanding
this variability is first step to make decisions about investments in Precision Agriculture. Many
procedures may be used to characterize and treat spatial variability on yield aiming profit for
the farmers, but a wide and safe vision about the impact of the variability in a production
system requires an accurate measurement of this variability.

Soil variability is caused by climate, topography, vegetation, soil forming processes and also
management. These factors can influence the variability in different scales and cause great
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variability on nutrient availability in the soil. Then, when using uniform rates of fertilizers it
is almost certain that excessive rates will be applied to some parts of the field and inadequate
rates in others.

Precision Agriculture can be defined as a management system that considers spatial variability
that is present in a production field, independently of the size and treats locally this variability.
It is well proved that quality and yield are spatially variable and systems are being developed
to explore these variations and increase profit [26]. The variable rate application of fertilizers
is one of the options to manage variability, and creating maps from optical sensors can help
to realize variable applications with nitrogen.

An optical sensor connected to a GNSS (Global Navigation Satellite System) receiver is able to
register reflectance values with a pair of coordinates (latitude and longitude), and when the
file is imported to a GIS software (Geographic Information System) it is possible to represent
the measurements and its distribution in a field with maps (Figure 4).

Depending on sensor system used, that information can be stored in different ways and types
of files. Some systems installed in agricultural machinery allow using a laptop with software
that will store the sensor readings and coordinates. Other systems use their own data logger
or a pocket pc. The Figure 4 is an example of a raw data collected in a field. Each strip is around
24 meters from each other, but what looks like a line, actually are many dots very close to each
other due the frequency used to collect the data in the field. If we look closer, we see as in
Figure 5.

Figure 4. NDVI raw data.

As showed before in the picture of the motorcycle with one sensor on each side, when looking
closer at the data we can see that in every coordinate we have a NDVI value from each sensor.
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As the frequency is very high, lets say 5 Hz or 5 measurements per second, if the motorcycle
moves at 5 m/s (18 km/h) with 24 m distant from the next pass, the sensor registers two NDVI
values every meter and more than 800 measurements per hectare. But the raw data may have
noise, so after applying some statistical filters to remove outliers and using some kind of
interpolation method, for example the inverse distance, it is possible to create a surface map
with a regular grid that will look like a raster image. The Figure 6 is a NDVI map after
interpolating the raw data from a corn field.

Figure 6. Interpolated NDVI map of a 2.86 ha field with a corn crop.

Figure 5. NDVI raw data (zoom in).
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Figure 7. Picture of corn plants with low NDVI values.

This maps shows that in the red areas the corn plants had a low development and because of
that will have lower yields (less than 10 tons/ha), while the green areas had yields over 12 tons/
ha. This information is important for precision agriculture users that are interested in finding
the specific problem for that particular location. Looking at plants in the field, right in middle
of the map in the red area, we can see the plants as showed in Figure 7.

The NDVI map created while the corn crop is still at the V6 stage of development, allow the
farmers and agronomists to go back in the field and see what is causing this slower growth of
the plants. And as the information is stored, it is possible to go back every year at the same
spot for comparison, collect soil and plant samples, send to the lab and try to understand what
the problem is. That means the farmer can treat each part of the field accordingly with its own
characteristics.

7. Nitrogen application based on sensor’s measurements

Why manage nitrogen in agricultural crops? Because some crops do not have the ability to fix
atmospheric nitrogen like soybeans do, so nitrogen is applied to crops from mineral fertilizers.
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Among the nutrients, nitrogen (N) is the most important and essential for crop development
and is also important from an environmental perspective. Nitrogen is a constituent of chloro‐
phyll, the first pigment to absorb the light energy necessary for photosynthesis. Plants usually
have 1 to 5% nitrogen in their tissues, and if used appropriately with the other nutrients, N
addition can accelerate the development of corn and other grains [27]. And unlike other
important nutrients as phosphorus or potassium that are measured in the soil with chemical
analyses of soil samples, nitrogen is recommended based on historical response curves.

Plants with N deficiency have yellow leaves and reduced growth. Not only does the absence
of N limit yield, but so can excess N. In most cases, N application recommendations are based
on average conditions, and farmers do not use the most advantageous fertilizer combinations,
even when there is no financial limitation [28].

The absorption of N by crops is variable among and between seasons, as well as between
locations in the same field, even when the N supplies are high [29]. The N supply from soil to
crop varies spatially. Consequently, the demand for N by the crop also varies. As a result, the
crop’s nutritional status is a good indicator of the necessary N rate application [30].

Traditional N management around the world is generally inefficient, creates environmental
contamination and is controversial. To provide appropriate recommendations of spatial N
applications, it is necessary to use several tools simultaneously, such as crop and soil sensors,
to achieve reliable measurements of N availability from soil and crops needs [31].

The evaluation of nitrogen use efficiency (NUE) in agriculture is an important way to evaluate
the density of N applied and its role in yield [32]. Because crop responses to N application
depend on the organic matter in the soil, strategies of N management in cereal crops that
include reliable predictions of the response index in each season could increase NUE [33].

In this scenario, sensors are becoming more prevalent in agricultural lands. Using variable rate
equipment, it is possible to detect variability in crops and make rapid decisions in the field.
Some sensors allow real time changes in agricultural practices by detecting variability and
responding to that variability [34].

In reference [20] they developed a methodology to apply nitrogen based on crops reflectance,
using a yield parameter sensible to local conditions, intrinsic and that could reflect yield
potential, possible to be used in season. Unlike other models that need several parameters to
predict plant growth, the optical sensors use the plant as an indicator. Later [35] they created
an index called INSEY (in-season estimated yield), which is calculated dividing the NDVI value
by the number of days from sowing to sensing. The relation between the INSEY and Yield
generate an exponential model using plot experiments, which can be used to estimate yield
just based on the sensor measurements. Estimating yield where there is and where there is not
nitrogen, by the difference in yield it is possible to calculate the nitrogen rate to make them to
have the same yield.

This method considers the spatial variability of yield potential, the absorption of nitrogen
applied at sowing and the crop’s response to an additional N rate. NUE were increase in 15%

Optical Sensors - New Developments and Practical Applications152

and showed that the measurement of crop’s reflectance can be used to calculate more efficient
and profitable N rates [35]. The ability to identify areas where the crop will respond to the
fertilizer applied is important, if the response to N is expected, then management strategies
can be modified [36].

Many field experiments were realized in order to create the algorithms that convert the sensor
readings in nitrogen rates and to validate the results. Depending on the year, savings of none
to 75% of nitrogen were found. For example the Figure 8 shows the NDVI and yield response
to nitrogen rates. Using the 120 kg of nitrogen per hectare as the standard rate, the NDVI
measured 50 days before the harvest indicates that the wheat crop won’t respond to rates over
than 60 kg of nitrogen per hectare. And the wheat yield obtained after the harvest shows that
rates over than 60 kg/ha will affect yield negatively. Therefore, in this example, the nitrogen
rate was 50% lower than the commonly recommended rate.

Figure 8. NDVI and wheat yield response with nitrogen rates applied.

The yield goal, often used for nitrogen recommendations, is the yield that the farmer expects
to produce. But what you expect to produce and what really is going to be produced are usually
different. In [20] they exemplify that the North Dakota State University recommend using the
maximum yield obtained in the last 5 years as yield goal, because it is usually 30% higher than
the average. The yield goal can also be calculated adding 5 to 10% to the average yield from
the last 5 to 7 years [37]. One example is to use 25 kg of nitrogen per ton of corn expected. But
management practices and the weather have a huge influence on yield. Climate can vary
significantly from one year to another, what may cause great differences in yield potential [31].

Now let’s use an experiment as an example of how to realize a nitrogen recommendation using
variable rate across a field. The experiment was realized in South Brazil, Paraná State, farm
Manzanilha (25° 28’ 55” S, 50° 21’ 07” W), during 2007 winter. The sensor used was the
GreenSeeker Hand HeldTM measuring the NDVI. The treatments (Table 3) were disposed in
strips with fixed rate of nitrogen (6 x 600 m) and variable rate of nitrogen (11 x 600 m), with
four treatments and four replications. The wheat was sowed in May 28th. The Sketch is
presented in Figure 9.
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Treatments
N

Sowing
N

Feekes 1
N

Feekes 5
N

Feekes 10
Total N

1 18,4 0 0 Sensor 18,4

2 18,4 34 0 Sensor 52,4

3 18,4 0 102 0 120

4 18,4 34 68 0 120

Table 3. Treatments with nitrogen rates (kg/ha)

600m T3 T1 T3 T3 T1 T3 T3 T1 T3 T3 T1 T3 T4 T2 T4 T4 T2 T4 T4 T2 T4 T4 T2 T4

1 2 3 4 5 6 7 8 9 10

6 m 11m 6m23,7 m 3,30 m

Figure 9. Experiment sketch.

All treatments received 18.4 kg/ha of nitrogen at the sowing; treatments 2 and 4 had an extra
34 kg/ha just after sowing and treatments 3 and 4 received more 102 and 68 kg/ha of N, re‐
spectively, on Feekes 5 to complete the 120 kg/ha of N, recommended based on historical
response curves. Treatments 3 and 4 were used as control, and treatments 1 and 2 received
variable rates of nitrogen at Feekes 10 based on the sensor readings.

The measurements were realized with the GreenSeeker sensor mounted on a motorcycle 79 days
after sowing (Feekes 10). The pictures of the field and data collection can be seen in Figure 10.

Figure 10. Details of the sensor mounted on the motorcycle (a) and data collection (b).
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After the measurements, the data were imported to a GIS software (SSToolBox) to create a map
with the NDVI raw data (Figure 11).

Figure 11. NDVI raw data in wheat.

Looking at the NDVI map it is possible to notice that even at the 120 kg/ha of N strips there
was spatial variability, so it was decided to adapt the methodology proposed in [35], and do
not use the average of the strip as a control, but divide the strip in three levels according with
the topography. The elevation map (Figure 12) was created from the data collected by the GPS
receiver. It was used three NDVI averages for treatment 3 and more three averages for
treatment 4, with a total of six NDVI values to be used as a reference and estimate yield.

After dividing the elevation in three ranges it was calculated the average of the NDVI values
for the 6 regions. Then the response index (RI) was calculated (eq. 2) with the ratio between
the average NDVI from strips with 120 kg/ha of N and the NDVI from every point in the map.
That means that every point has an NDVI value and a RI value.

rich strip fieldRI = NDVI / NDVI (2)

Which:

NDVIrich strip = NDVI from 120 kg/ha of N strips;

NDVIfield = NDVI from all points in the field that will be applied N;
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RI = response index.

The response index means that if the number is higher than 1, the NDVI from the strip with
more N is higher than the NDVI from the parts of the field that will be applied, so the plants
are using the N. And if RI = 1 means that where there is N and where there is no N the NDVI
is the same, so there is no need to apply more N. Using RI it is possible to identify the parts of
the field that will need more nitrogen, and save where there is no response, because it will not
have increase in yield.

Figure 12. Elevation map divided in three levels.

To calculate the N rate was used the methodology from [35], identifying the difference of yield
between the N rich strip and the rest of the field, and then applying the correct N rate to reach
the same yield. That means the objective is to save nitrogen and not increase yield. The N rates
calculated were used to create a nitrogen application map (Figure 13).

The calculated rates varied from 0 to 60 kg/ha of N, but they were simplified into three ranges
and applied the maximum of each range. For example, the rate 20 kg/ha represents the rates
from 0 to 20 kg/ha and so on. This simplification was done to make the application easier. To
apply the nitrogen it was used a sprayer mounted on a tractor for liquid nitrogen application
(Figure 14). To vary the rates along the field the tractor changed the speed, for each one of the
rates was determined a specific gear of the tractor and a specific engine rotation. The sprayer
was calibrated to apply 20 kg/ha (2.5 m/s), 40 kg/ha (1.25 m/s) and 60 kg/ha (0.8 m/s). The gears
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and the engine rotation for tractor were determined with a 50 m space measuring the time that

the tractor took to move the 50 m. The sketch of the application is in Figure 15.

Figure 13. Nitrogen map from the calculated rates.

Figure 14. Pictures of the liquid nitrogen fertilizer application.
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Figure 15. Sketch of the nitrogen application.

The harvest of the strips was realized using a combine John Deere 9650 STS with a 30 feet
header and equipped with a yield monitor AgLeader PF3000 Advantage, what made possible
to generate the yield map. The Figure 16 shows the yield map that was similar to the NDVI
map. We can see in the map that each strip has a pair, because one strip is the 120 kg/ha of N
and the other is the variable rate application. The yield varied from 1,500 to 5,500 kg/ha of
wheat. But even the strips with 120 kg/ha of N had some parts of the field with lower yields,
which means that these regions of low yield have some other problem and not nitrogen
deficiency. Comparing with the application sketch the region of higher rates are same regions
of high yields.

The left side of the experiment (first 4 pair of strips) had an average yield of 3,053 kg/ha using
variable rate application, with 69.3% of saving in nitrogen, and 3,026 kg/ha using 120 kg/ha of
N. The right side of the experiment had an average yield of 3,568 kg/ha using variable rate,
with 42.5% of saving in nitrogen, and 3,546 kg/ha using 120 kg/ha of N. There was no statistical
difference between the yield of fixed rate and variable rate, but the savings were high. The
saving of nitrogen was higher in the region with lower yield potential.

As high is the yield goal just with the nitrogen supplied by the soil, with no additional N (low
RI), in general, lower will be the N rates to reach maximum yields. If the RI for a field is low
(RI < 1.1), that means the places with no N applied are similar with the places with N, and
probably the response to an additional application will also be low. But if the RI is high (RI >
1.1), probably the crop will respond to the fertilization, so complementary rates should be
applied [36].
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Figure 16. Yield map collected by the John Deere combine.

Ps: In each pair of strips, the left one is the 120 kg/ha of N and the right one is the variable rate
application.

There is NDVI spatial variability even in the regions where fixed rates of nitrogen were applied,
showing that crops respond in different ways inside the same field. The methodology used to
apply nitrogen in variable rate, using the crop as an indicator and optical sensors to measure
is really promising, being able to save nitrogen in places where there is less use by the plants.

However, optical sensors do not consider yield potential. Reflected light by the crop in a high
yield zone can show an appropriate content of N at the moment of measurement, but N can
still be deficient before maturation. In a low yielding zone, reflected light may suggest a higher
need for N, inducing an excess rate application for plants that are limited by other factors [38].

Large differences were found between two corn fields, one with yields <12,000 kg/ha and the
other with yields >17,000 kg/ha [39]. These authors suggested that considering climate
conditions between planting date and the measurements could lead to a better relationship
between yield estimation and actual yield because climate varies among areas and among
years. Even when data from different areas and years are combined, the resulting model may
not be reliable due spatial and temporal differences. These differences are some of the primary
problems in developing a model that can be used widely to estimate yield by optical sensors.
They also highlight that there is much room for improvement.

Variables that affect N availability were included, such as organic matter and soil exchange
capacity, and variables that are related to N demand by the crop, such as solar radiation [40].
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Figure 15. Sketch of the nitrogen application.
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Additionally, the variability of rain distribution and water stored in soil at the time of planting
can affect yield and management decisions [41].

Based on the observations of long-term experiments, it was found that the treatments with
higher yield did not always correspond to higher N application rates. In some years, maximum
yields were observed with low N application rates. In 3 long-terms experiment, there was no
relationship between RI and yield. These results indicated that RI and yield are independent,
and so they need to be estimated separately. Any practice that does not consider the inde‐
pendence of RI and yield can lead to misinformed recommendations. If yield potential varies
among years along with N demand, the obvious solution to the increased efficiency of N
recommendations is to be able to estimate crop response to N and yield potential [42].

8. Conclusions

The NDVI obtained from optical sensors are data that look very promising to map and analyze
spatial variability of crop’s development and for nitrogen management. It is possible to find
significant regressions between NDVI and many crops’ parameters. The technology of using
optical sensors to recommend nitrogen showed high savings of the nutrient, making agricul‐
ture more profitable and with lower risk of water contamination by nitrate. Research with the
application of optical sensors in agriculture is still scarce and need to expand to a wide range
of conditions, for many other crops and applications.
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1. Introduction

This Chapter covers recent advances in nanostructured based detector technology, materials
and devices for optical sensing applications. The authors have many years of experience
working nanotechnologies that include a variety of semiconductors and other advanced
materials such as GaN, ZnO, Si/SiGe, CNT and Graphene for optical sensing applications.

Optical sensing technology is critical for defense and commercial applications including
optical communication. Advances in optoelectronics materials in the UV, Visible and Infrared,
using nanostructures, and use of novel materials such as CNT and Graphene have opened
doors for new approaches to apply device design methodology that are expected to offer
enhanced performance and low cost optical sensors in a wide range of applications.

We will cover the UV band (200-400 nm) and address some of the recent advances in nano‐
structures growth and characterization using GaN/AlGaN, ZnO/MgZnO based technologies
and their applications. We will also discuss nanostructure based Si/SiGe technologies (400-1700
nm) that will cover various bands of interest in visible-near infrared for detection and optical
communication applications. The chapter will also discuss some of the theoretical and
experimental results in these detector technologies.

Recent advancements in design and development of CNT based detection technologies have
shown promise for optical sensor applications. We will present theoretical and experimental
results on these device and their potential applications in various bands of interest.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 9

Nanostructured
Detector Technology for
Optical Sensing Applications

Ashok K. Sood, Nibir K. Dhar, Dennis L. Polla,
Madan Dubey and Priyalal Wijewarnasuriya

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58349

1. Introduction

This Chapter covers recent advances in nanostructured based detector technology, materials
and devices for optical sensing applications. The authors have many years of experience
working nanotechnologies that include a variety of semiconductors and other advanced
materials such as GaN, ZnO, Si/SiGe, CNT and Graphene for optical sensing applications.

Optical sensing technology is critical for defense and commercial applications including
optical communication. Advances in optoelectronics materials in the UV, Visible and Infrared,
using nanostructures, and use of novel materials such as CNT and Graphene have opened
doors for new approaches to apply device design methodology that are expected to offer
enhanced performance and low cost optical sensors in a wide range of applications.

We will cover the UV band (200-400 nm) and address some of the recent advances in nano‐
structures growth and characterization using GaN/AlGaN, ZnO/MgZnO based technologies
and their applications. We will also discuss nanostructure based Si/SiGe technologies (400-1700
nm) that will cover various bands of interest in visible-near infrared for detection and optical
communication applications. The chapter will also discuss some of the theoretical and
experimental results in these detector technologies.

Recent advancements in design and development of CNT based detection technologies have
shown promise for optical sensor applications. We will present theoretical and experimental
results on these device and their potential applications in various bands of interest.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2. UV, Visible and infrared spectrum and bands of interest

The Ultraviolet spectrum has been of interest for a variety of sensors for defense and com‐
mercial applications. The UV band is from 250-400 nanometers as shown in the figure 1. This
band can be further divided into UVA and UVB bands. Each of these bands has applications
for sensors, detectors and LED applications.

Figure 1. Overview of UV and Visible Spectral Band [1]

Figure 2. Definition of IR Spectral Band [1].
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The word “infrared” refers to a broad portion of the electromagnetic spectrum that spans a
wavelength range from 1.0 um to beyond 30 um everything between visible light and micro‐
wave radiation. Much of the infrared spectrum is not useful for ground- or sea-based imaging
because the radiation is blocked by the atmosphere. The remaining portions of the spectrum
are often called “atmospheric transmission windows,” and define the infrared bands that are
usable on Earth. The infrared spectrum is loosely segmented into near infrared (NIR,
0.8-1.1um), short wave infrared (SWIR, 0.9-2.5um), mid wave infrared (MWIR, 3-5um), long
wave infrared (LWIR, 8-14um), very long wave infrared (VLWIR, 12- 25um) and far infrared
(FIR, > 25um), as shown in Figure 2. The MWIR- LWIR wavebands are important for the
imaging of objects that emit thermal radiation, while the NIR-SWIR bands are good for imaging
scenes that reflect light, similar to visible light.

Since NIR and SWIR are so near to the visible bands, their behavior is similar to the more
familiar visible light. Energy in these bands must be reflected from the scene in order to
produce good imagery, which means that there must be some external illumination source.
Both NIR and SWIR imaging systems can take advantage of sunlight, moonlight, starlight, and
an atmospheric phenomenon called “nightglow," but typically require some type of artificial
illumination at night. In lieu of photon starved scenes, arrays of infrared Light Emitting Diodes
(LEDs) can provide a very cost effective solution for short-range illumination. However,
achieving good performance at distances of over hundreds of meters requires more directed
illumination, such as a focused beam from a laser or specialized spotlight, although special
consideration of eye-safety issues is required.

3. Ultraviolet nanostructured detector array development

3.1. Applications of UV imaging technology

Imagery for identification of targets at various distances uses visible cameras, image intensi‐
fiers, shortwave IR cameras and long wave uncooled cameras. Each have distinct advantages
and disadvantages and are each useful under specific sets of conditions such as light level,
thermal conditions, and level of atmospheric obscuration. The shortest wavelength is desired
for spatial resolution which allows for small pixels and large formats. [2- 6]

Visible cameras, if adequate light level is present, can provide high resolution, but for long
range identification even under moonlit and starlit illuminations, long integration times and
large optics are required and dust, smoke and fog easily defeat a single visible camera. Image
intensifiers and SWIR cameras are useful in many conditions as the SWIR penetrates fog easily
but requires fairly clear night skies for the upper atmospheric airglow light source, and image
intensifiers require a certain level of celestial (starlight, moonlight) or light pollution irradiance.
Both the SWIR and image intensifiers are limited by the diffraction resolution of the NIR to
SWIR wavelengths [5-6].
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2. UV, Visible and infrared spectrum and bands of interest

The Ultraviolet spectrum has been of interest for a variety of sensors for defense and com‐
mercial applications. The UV band is from 250-400 nanometers as shown in the figure 1. This
band can be further divided into UVA and UVB bands. Each of these bands has applications
for sensors, detectors and LED applications.

Figure 1. Overview of UV and Visible Spectral Band [1]

Figure 2. Definition of IR Spectral Band [1].
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For optimal resolution, the visible or ultraviolet spectrum is preferable; however, active (laser)
illumination is required for long-range night imaging. Covert UV illumination is preferred
over the visible and the atmosphere transmits fairly well at the longer UV wavelengths. The
covert active system for high-resolution identification modeled in this paper consists of a UV
laser source and a silicon CCD, AlGaN or AlGaN APD focal plane array with pixels as small
as 4 microns that are spectrally tuned for the solar-blind region of the UV spectrum. The solar-
blind region is optimal as virtually all of the solar radiation is absorbed at the higher altitudes
leaving a pitch dark terrain even in bright day, yet for sea-level path lengths of 1 km and
shorter; the UV atmospheric transmittance is still acceptable.

This combination is ideal for exploitation by a UV illuminator and UV FPA sensor. Current
UV lasers  can provide either  continuous or  pulsed energy at  levels  detectable  by solar-
blind UV detectors under relatively small optics and at 30 Hz frame rates, providing real-
time high-resolution (on the order of 1 cm at 1 km) imagery. At these illumination levels
and target ranges, both standard PN, PIN and APD UV detectors and silicon CCD’s can
be used for target identification. The model has been developed and used to include the
combined  effects  of  detector  and  electronics,  atmospheric  transmittance  and  UV  back‐
ground radiance, target size, range and reflectance, and UV laser attributes to simulate and
predict both CW and pulsed laser imaging performance and to assist in the design of this
prototype system [6].

3.1.1. Model development for passive and active UV systems design

The general equations for SNR prediction for laser illumination and APD are derived.

SNR =
GeLret

F 2G 2(eLret + ebk + edk ) + (ẽn,amp)2 1/2 (1)

Where G is the APD gain, F is the excess noise, the noise electron terms are the laser return
shot noise, the scene noise, the dark current noise and the amp noise

Two special and frequently occurring cases are (2) for the laser power noise limited case and
(3) for the amp noise limited case:

SNR =
eLret

1/2

F
(2)

SNR =
GeLret

(ẽn,amp) (3)

The laser return in electrons for cw assuming lambertian reflection is:
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Or when separated into detector/optics, atmosphere, laser and target attributes:

eLret ,ti = tiητo
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If we allow for frame summing:

eLret ,ti+ = N fs tiητo
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θ fdiv
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For pulse laser operation and using tbin which equals tpulse and the number of bins per frame
Nbins/f:

eLimage = Nbins/ f ητo
Apix Ao

π f 2 τa
2

PLpulse(λ / hc)
θ fdiv

2
4ρtar

πR 2 (7)

3.1.2. Systems performance metrics for UV systems design

To model the sensor and system performance, we have assumed the pixel size for a high
sensitivity, detector size of 5-20 microns for the UV detector array. The fill factor of 70% is
assumed typical for these small pixels. Typical quantum efficiencies have been assumed to be
in the 70% range for the PIN diode and APD [5-6]. The model uses as default, an amp noise of
15 electrons per frame time, a dark current of 1e-15 amps for a 5 micron pixel or 4 nA/cm2 or
200 electrons or about 14 noise electrons, and scene noise is effectively zero in the solar-blind
region.

The model from the MODTRAN runs shown in figure 3, the daytime irradiance in the UV is
insignificant in the solar-blind region. The drop-off from 0.30 microns to 0.26 microns illus‐
trates the requirement for a UV detector with spectral response is in the solar-blind region.
Figure 4 shows the UV spectral radiance at midday and the comparative laser illumination of
the target at 1 km for a 6 milliradian beam divergence for powers of 1 mW and 10 mW. The
left plot in the figure shows that the transmittance improves with longer UV wavelengths for
all three levels of aerosols and is sufficient for 1 km lengths in our solar-blind region.

To achieve high-resolution day-night imaging and identification of targets, the following
conditions and requirements must be met. While linear detection (no APD and no laser
illumination) is fine for muzzle flashes and images of nearby combatants illuminated by live
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fire (a millisecond event), laser illumination is required for cold targets (facial recognition,
profile recognition). A continuous laser and 33 msec integrations are adequate if enough laser
power is available. If not, a pulsed laser with nanosecond integrations and APD detectors are
required to reduce atmosphere scatter and improve detector sensitivity.

SPECTRAL BANDS LASER SCENE / TARGET TIMING
lam hi 0.267 um lambda 0.266 um t transit 3.33E-06 sec lin overfill
lam lo 0.265 um P laser cont 0.10 W 3333 nsec 1.25
lam mid 0.266 um Pd laser cont 3.18E-06 W/cm2 3.33 usec FPA FOV (ft)
del lam 0.002 um Ph laser cont 1.34E+17 pho/sec N pulses/fr 9999 max poss 5.25
DETECTOR / FPA Ph laser cont frame 4.46E+15 pho/frame p rate max 300 kHz (set by range and tint)
format 256 E laser pulse 5.00E-06 joule/pulse j/frame p rate used 20 kHz (set by laser specs)
dpix 5 um Ph laser pulse 6.69E+12 pho/pulse 3.33E-03 50 usec (available tqnch)

2.50E-07 cm2 Ph laser bin 6.69E+12 pho/bin watts P avg 100 mWatts 3.18 uW/cm2
ti cont 33.33 msec 15 div full 4 mrad 0.100 Nframesum 4 (no. of effective frames)
t bin 20 nsec t pulse 20 nsec image rate 7.5 Hz
t quench 3000 nsec w pulse 6 meters
gain 1 bin and pulse rates det based mission based det/mssion min min in kHz used (Hz) used (kHz)
gain apd 1 sample rate (max) Hz 3.31E+05 3.00E+05 3.00E+05 300.0
Fm noise 1 N pulses/frame 11036 9999 9999 300.0 666.6 0.6666
amp noise 5.80E+10 N bins/frame 11036 9999 9999 500.0 666.6 0.6666
tau opt 0.90 Dlaser tar (cm, cm2) 200 3.14E+04 1
qe 0.70 diameter laser at target 6.56 ft q factor
eta inj 1.00 ELECTRONS AND NOISE from laser, scene, dark current and amp  647.5
fill factor 0.75 electrons electrons electrons noise e noise e noise e
I dark 5.00E-16 a frame for bins per  frame  for bins per
J dark 2.00E-09 a/cm2  full int in frame bin full int in frame bin
I surface 1.00E-21 a e laser ret (s) 9713.1 647.5 9.71E-01 98.55 25.45 9.86E-01 98.55
Rload 1.00E+06 ohm e laser ret cont 647.5 na na 25.45 na na 25.45
resp frame 1.57E-02 elect scene  (b) 0 9.73E-17 1.46E-19 0.00 0.00 3.82E-10 0.00
resp bin 9.45E-09 e dark (d) 104 4.16E-02 6.24E-05 10.20 0.20 7.90E-03 10.20

0.63 e surface 2.08E-04 8.32E-08 1.25E-10 0.01 0.00 1.12E-05
OPTICS e kT amp   10.00 0.77 7.74E-03
dopt 20 cm 14.28 0.80    with frame summing
Aopt 314.16 cm2 MODE signal noise s+b+d noise b+d SNR s+b+d SNR b+d SNR s+b+d SNR b+d
focal length 40 cm DDLM cont 647.5 29.2 14.3 22.2 45.3 44.4 90.7 CW
fnum 2.00 DDLM bins sum 647.5 25.4 0.3 25.4 2267.2 50.9 4534.3 pulsed

Figure 3. UV Sensor Model for evaluating UV Sensor Performance [6]
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Figure 4. UV transmittance vs. wavelength for three aerosol levels (left) and UV radiance at sea level during midday
and laser irradiance on the target at 1 km (6 mradian beam) from a 1mW and 10mW UV laser (right) [6]
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3.2. ZnO / MgZnO nanostructures for UV applications

Zinc oxide (ZnO) is a unique wide bandgap biocompatible material system exhibiting both
semiconducting and piezoelectric properties that has a diverse group of growth morphologies.
Bulk ZnO has a bandgap of 3.37 eV that corresponds to emissions in the ultraviolet (UV)
spectral band [7]. Highly ordered vertical arrays of ZnO nanowires (NWs) have been grown
on substrates including silicon, SiO2, GaN, and sapphire using a metal organic chemical vapor
deposition (MOCVD) growth process [7]. The structural and optical properties of the grown
vertically aligned ZnO NW arrays have been characterized by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and photoluminescence (PL) measurements [7-10]. Compared
to conventional UV sensors, detectors based on ZnO NWs offer high UV sensitivity and low
visible sensitivity, and are expected to exhibit low noise, high quantum efficiency, extended
lifetimes, and have low power requirements [11-12]. The Photoresponse switching properties
of NW array based sensing devices have been measured with intermittent exposure to UV
radiation, where the devices were found to switch between low and high conductivity states
at time intervals on the order of a few seconds. Envisioned applications for such sensors/FPAs
potentially include defense and commercial applications [13].

Zinc oxide is a versatile functional material that provides a biocompatible material system with
a unique wide direct energy band gap and exhibits both semiconducting and piezoelectric
properties. ZnO is transparent to visible light and can be made highly conductive by doping.
Bulk ZnO has a bandgap of 3.37 eV that includes emissions in the solar blind ultraviolet (UV)
spectral band (~240-280 nm), making it suitable for UV detector applications [7]. Over this
wavelength range, solar radiation is completely absorbed by the ozone layer of the earth’s
atmosphere, so the background solar radiation at the earth’s surface is essentially zero. This
enhances the capability of UV sensors in missile warning systems to detect targets such as
missile plumes and flames emitting in this region.

ZnO is the basis for the one of the richest families of nanostructures among all materials taking
into accounts both structure and properties. ZnO growth morphologies have been demon‐
strated for nanowires, nanobelts, nanocages, nanocombs, nanosprings, nanorings, and
nanohelixes [7]. The development of ZnO nanowire (NW) based UV detectors offers high UV
sensitivity and low visible sensitivity for missile warning related applications. Demonstration
of devices using single ZnO NW strands has been widely reported in literature [7-16].
However, the development of reliable 2D arrays of aligned ZnO NWs has proven more
challenging. The demonstration of reliable 2D arrays requires (1) correlation of growth process
and growth parameters with the material quality of ZnO NWs, (2) correlation of the electrical
and optical performance with growth parameters and fabrication processes, and (3) addressing
system design challenges [17-18].

With conventional NW growth methods including electrochemical deposition, hydrothermal
synthesis, and molecular beam epitaxy (MBE), it is generally difficult to scale up and control
NW growth. Electrochemical deposition is well suited for large scale production but does not
allow control over the NW orientation. Hydrothermal synthesis is a low temperature and low-
cost process that allows growth of NWs on flexible substrates without metal catalysts, but the
direction and morphology of the NWs cannot be well-controlled with this method [8-10]. The
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Figure 4. UV transmittance vs. wavelength for three aerosol levels (left) and UV radiance at sea level during midday
and laser irradiance on the target at 1 km (6 mradian beam) from a 1mW and 10mW UV laser (right) [6]
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Zinc oxide is a versatile functional material that provides a biocompatible material system with
a unique wide direct energy band gap and exhibits both semiconducting and piezoelectric
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synthesis, and molecular beam epitaxy (MBE), it is generally difficult to scale up and control
NW growth. Electrochemical deposition is well suited for large scale production but does not
allow control over the NW orientation. Hydrothermal synthesis is a low temperature and low-
cost process that allows growth of NWs on flexible substrates without metal catalysts, but the
direction and morphology of the NWs cannot be well-controlled with this method [8-10]. The
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MBE method allows monitoring of the structural quality during NW growth; however, this
type of synthesis often requires use of metal catalysts as a seed layer [10], which introduces
undesired defects to the structure, decreasing the crystal quality [12-16]. Chemical vapor
deposition (CVD) also requires catalysts at the NW tips, and using this method the tips of the
grown NWs were observed to be flat, with vertical alignment.

3.3. Characterization of ZnO NWs arrays grown on the various substrates

The samples were characterized by scanning electron microscopy (SEM) utilizing a Quanta
FEG 250 system, and X-ray diffraction (XRD) using Bruker D-8 Advance X-ray diffractometer
with a wavelength of 1.5406 Å corresponding to the Cu Kα line. In addition, photolumines‐
cence (PL) measurements were performed at room temperature using a Linconix HeCd UV
laser emitting at a wavelength of 325 nm. A Si detector in conjunction with at lock-in amplifier
and chopper were used to measure the PL from the beam reflected off the sample at the output
over the desired wavelength range [18-20].

(a) (b) 

(d) (c) 

Figure 5. Scanning electron microscope (SEM) images of NWs grown on the various substrates taken at room temper‐
ature, showing NWs grown on (a) ZnO/sapphire; (b) ZnO/SiO2/p-Si; (c) ZnO/p-Si; and (d) ZnO/GaN/sapphire.[ 20 ]
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SEM was performed to explore the NWs morphology. Figure 5 show the synthesized ZnO
NWs on the various substrates, which can be generally seen to have uniform distribution
density. The ZnO NWs grown on sapphire [Figure 5(a)] had approximate diameters of 50-70
nm and lengths in the range of 1-2 µm. NWs grown on SiO2 [Figure 5(b)] had diameters of
150-200 nm and lengths of 1-2 µm, and were the least vertically oriented and associated with
a relatively high lattice mismatch. NWs grown on the Si (111) substrate [Figure 5(c)] had a
slightly random orientation, also having diameters in the range of 150-200 nm and lengths
from 1-2 µm. Finally, the NWs grown on GaN [Figure 5(d)] showed strong vertical orientation,
with diameters of 20-40 nm and lengths of 0.7-1.0 µm [20].
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Figure 6. X-ray diffraction (XRD) of ZnO NWs grown using MOCVD on p-Si (solid), GaN/sapphire (square) and SiO2

(triangle). The inset shows the ZnO peak associated with ZnO oriented along (002) and GaN [20].

Figure 6 shows the XRD pattern for the ZnO NWs grown on p-Si, GaN, and SiO2 substrates
[10]. The inset of Figure 2 shows dominant peaks related to ZnO (002). The peak at 34º (2θ) for
ZnO grown on p-Si and SiO2 substrates incorporated the overlapping of ZnO NWs (002) and
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ZnO thin film (002). An additional diffraction peak associated with GaN was present for the
GaN/sapphire substrate. ZnO NWs oriented along the (002) direction had full-widths at half
maxima (FWHM) and c-lattice constants of 0.0498 (θ) and 5.1982 Å at 34.48° (2θ) for p-Si,
0.0497(θ) and 5.1838 Å at 34.58° (2θ) for GaN, 0.0865(θ) and 5.1624° at 34.38º (2θ) for SiO2, and
0.0830˚(θ) and 5.2011 Å at 34.46º (2θ) for sapphire.

The quality of the ZnO epilayers utilized as seed layers to grow ZnO NWs was also charac‐
terized. The ZnO thin films were oriented along (002) and had a maximum at 34.58º with
FWHM of 0.0697 (θ) for p-Si, maximum of 34.58º with FWHM of 0.0684 (θ) for GaN, and
maximum of 34.43º with FWHM of 0.0557 (θ) for SiO2. Additional shallow diffraction peaks
were observed for NWs grown on p-Si and SiO2, which are attributed to ZnO (100, 101, 102
and 110) as can be seen from Figure 6. As shown in Figure 7, for ZnO NW growth on sapphire
major peaks were observed for ZnO (002) at 34.46° (2θ) and Al2O at 37.91° (2θ), with a minor
peak for ZnO (101) at 36.34° (2θ).
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Figure 7. XRD of ZnO NWs grown using MOCVD on sapphire [20]

3.4. Photoluminescence (PL) measurements

Figure 8 shows the PL spectra for ZnO NWs grown on p-Si, GaN, and SiO2 substrates [10]. The
room temperature PL measurements were performed using a ~280 nm light source. Single
peaks located at 380 nm having a FWHM of 14.69 nm and at 378 nm having a FWHM of 15 nm
were observed for p-Si and SiO2 substrates, respectively, corresponding to the recombination
of excitons through an exciton-exciton collision process [18-20].
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Figure 8. Photoluminescence (PL) of ZnO NWs grown on p-Si (100) (solid) with a single peak at 380 nm, GaN (square)
with a stronger peak at 378 and SiO2 (triangle) with a single peak at 378 nm [20].

No defects related to Zn or O vacancies were observed, which can be attributed to the
confinement of defects at the ZnO thin film/substrate interface. For the ZnO NWs grown on
GaN, a predominant peak with a FWHM of 18.18 nm was observed at 378 nm. High stress was
evident for ZnO NWs grown on GaN, which can be observed in Figure 2; this can contribute
to the broadening of the peak in comparison to p-Si and SiO2. Shallow peaks identified at 474
nm and 490 nm through Lorentzian decomposition are attributed to oxygen interstitial and
oxygen vacancies, respectively [20].

A UV LED lamp acquired from Sensor Electronic Technology Inc. was used to characterize the
UV Photoresponse of the ZnO NW arrays [20]. The lamp comprises eight separate AlGaN
based UV LEDs in a TO-3 package spanning the 240-370 nm wavelength range, with a
customized power supply capable of independently monitoring and controlling the current
of all or any of the LEDs. The Photoresponse was determined by first applying voltage between
indium contacts on the front and back sides of a Si NW sample and measuring the resulting
current in the dark, and then repeating this procedure while the sample was exposed to
radiation from a UV LED at a specific wavelength.

Figure 9 shows the on-off switching characteristics of a ZnO vertical array NW device when
exposed to radiation at 370 nm. This device was found to switch between low and high
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No defects related to Zn or O vacancies were observed, which can be attributed to the
confinement of defects at the ZnO thin film/substrate interface. For the ZnO NWs grown on
GaN, a predominant peak with a FWHM of 18.18 nm was observed at 378 nm. High stress was
evident for ZnO NWs grown on GaN, which can be observed in Figure 2; this can contribute
to the broadening of the peak in comparison to p-Si and SiO2. Shallow peaks identified at 474
nm and 490 nm through Lorentzian decomposition are attributed to oxygen interstitial and
oxygen vacancies, respectively [20].

A UV LED lamp acquired from Sensor Electronic Technology Inc. was used to characterize the
UV Photoresponse of the ZnO NW arrays [20]. The lamp comprises eight separate AlGaN
based UV LEDs in a TO-3 package spanning the 240-370 nm wavelength range, with a
customized power supply capable of independently monitoring and controlling the current
of all or any of the LEDs. The Photoresponse was determined by first applying voltage between
indium contacts on the front and back sides of a Si NW sample and measuring the resulting
current in the dark, and then repeating this procedure while the sample was exposed to
radiation from a UV LED at a specific wavelength.

Figure 9 shows the on-off switching characteristics of a ZnO vertical array NW device when
exposed to radiation at 370 nm. This device was found to switch between low and high
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conductivity states in approximately 3 s, a faster response than most reported thus far for ZnO
NW based UV detectors.

and 490 nm through Lorentzian decomposition are attributed to oxygen interstitial and oxygen vacancies, 
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Figure 9. Switching Photoresponse characteristics of ZnO NW device when UV LED source at ~370 nm turned on and off over 
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Figure 10. (a) Mounted solar blind NW UV 3x9 pixel array detector device; (b) close-up of device, showing wire bond‐
ed pixels [20 ].

Figure 9(a) shows a mounted and wire bonded NW UV 3x9 pixel array detector device.
Incorporation of Mg allows the detector response to be shifted to shorter wavelengths to
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provide detection in the solar blind region. This device was tested by applying a bias between
the top contacts on the pixels, which are apparent in Figure 9(b), and the back contact.

ZnO nanowires based arrays offer high sensitivity and have potential application in UV
imaging systems. ZnO nanowire array based UV detectors have no moving parts, high
quantum efficiency, extended lifetimes, low noise, low power requirements, and offer high
sensitivity.

ZnO nanowires have also been evaluated for providing remote power for the stand alone
sensors. This type of application has been extensively studied by Professor Z.L. Wang and his
team at Georgia Tech [21, 22]. They have shown that ZnO nanowires can be used as nano-
generators for providing remote power using the Piezo-electric effect. Photovoltaic cells or
solar cells are a popular renewable energy technology, relying on approaches such as inorganic
p-n junctions, organic thin films, and organic-inorganic heterojunction. However, a solar cell
works only under sufficient light illumination, which depends on the location the devices will
be deployed, as well as the time of the day and the weather.

Considering that mechanical energy is widely available in our living environment, They have
demonstrated [21] the first hybrid cell for concurrently harvesting solar and mechanical energy
through simply integrating a dye-sensitized solar cell (DSSC) and a piezoelectric nanogener‐
ator on the two sides of a common substrate. After this, in order to solve the encapsulation
problem from liquid electrolyte leakage in the first back-to-back integrated HC, early in 2011,
Xu and Wang improved the prototype design of the HC and developed a compact solid state
solar cell. This innovative design convoluted the roles played by the NW array to simultane‐
ously perform their functionality in a nanogenerator and a DSSC. The design and the per‐
formance are shown in figure 11.

Based on these demonstrations of HCs for concurrently harvesting solar and mechanical
energies, they have. reported an optical fiber-based three-dimensional (3D) hybrid cell,
consisting of a dye-sensitized solar cell for harvesting solar energy and a nanogenerator for
harvesting mechanical energy; these are fabricated coaxially around a single fiber as a core–
shell structure (Figure 11). The optical fiber, which is flexible and allows remote transmission
of light, serves as the substrate for the 3D DSSC for enhancing the electron transport property
and the surface area, and making it suitable for solar power generation at remote/concealed
locations. The inner layer of the HC is the DSSC portion, which is based on a radically grown
ZnO NW array on an optical fiber with ITO as the bottom electrode. The dye-sensitized ZnO
NW array was encapsulated by a stainless steel capillary tube with a Pt-coated inner wall as
the photo- anode for the DSSC. The stainless steel tube also serves as the bottom electrode for
the outer layer of the nanogenerator, with densely packed ZnO NWs grown on its outer wall.

Another exciting application of ZnO nanowires is designing, fabricating, and integrating
arrays of nanodevices into a functional system are key to transferring nanoscale science into
applicable nanotechnology as shown in Figure 12.

Recent work [22] on three-dimensional (3D) circuitry integration of piezotronic transistors
based on vertical zinc oxide nanowires as an active taxel-addressable pressure/force sensor
matrix for tactile imaging. Using the piezoelectric polarization charges created at a metal-
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conductivity states in approximately 3 s, a faster response than most reported thus far for ZnO
NW based UV detectors.
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semiconductor interface under strain to gate/modulate the transport process of local charge
carriers, we designed independently addressable two-terminal transistor arrays, which
convert mechanical stimuli applied to the devices into local electronic controlling signals.

The device matrix can achieve shape-adaptive high-resolution tactile imaging and self-
powered, multidimensional active sensing. The 3D piezotronic transistor array may have
applications in human-electronics interfacing, smart skin, and micro- and nano-electrome‐
chanical systems.

Figure 11. Design and performance of a 3D optical fiber based hybrid cell (HC) consisting of a dye-sensitized solar cell
(DSSC) and a nanogenerator (NG) for harvesting solar and mechanical energy. (a) The 3D HC is composed of an optical
fiber based DSSC with capillary tube as counter electrode and a NG on top. (b) Open-circuit voltage (VOC) of the HC
when the NG and the DSSC are connected in series, where VOC(HC)= VOC(DSSC)+ VOC(NG). (c) Short-circuit current
(ISC) of the HC when the NG and the DSSC are connected in parallel. (d) and (e) Enlarged view of ISC(HC) and ISC(NG),
clearly showing that ISC(NG) is 0.13 µA, the ISC(DSSC) is 7.52 µA, and the ISC(HC) is about 7.65 µA, nearly the sum of
the output of the solar cell. [21].
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Figure 12. Tactile imaging and multidimensional sensing by the fully integrated 92 × 92 SGVPT array. (A) Metrology
mapping (inset) and statistical investigation of the fully integrated SGVPT array without applying stress. (B) Current
response contour plot illustrating the capability of SGVPT array for imaging the spatial profile of applied stress. Color
scale represents the current differences for each taxel before and after applying the normal stress. The physical shape
of the applied stress is highlighted by the white dashed lines. (C) Multidimensional sensing by an SGVPT array exhibits
the potential of realizing applications such as personal signature recognition with maximum security and unique iden‐
tity. The shape of a “written” letter A is highlighted by the white dashed lines. [22].

4. Development of GaN UVAPD for ultraviolet sensor applications

High resolution imaging in UV bans has a lot of applications in Defense and Commercial
applications. The shortest wavelength is desired for spatial resolution which allows for small
pixels and large formats. UVAPD’s have been demonstrated as discrete devices demonstrating
gain. The next frontier is to develop UV APD arrays with high gain to demonstrate high
resolution imaging. We will discuss model that can predict sensor performance in the UV band

Nanostructured Detector Technology for Optical Sensing Applications
http://dx.doi.org/10.5772/58349

179



semiconductor interface under strain to gate/modulate the transport process of local charge
carriers, we designed independently addressable two-terminal transistor arrays, which
convert mechanical stimuli applied to the devices into local electronic controlling signals.

The device matrix can achieve shape-adaptive high-resolution tactile imaging and self-
powered, multidimensional active sensing. The 3D piezotronic transistor array may have
applications in human-electronics interfacing, smart skin, and micro- and nano-electrome‐
chanical systems.

Figure 11. Design and performance of a 3D optical fiber based hybrid cell (HC) consisting of a dye-sensitized solar cell
(DSSC) and a nanogenerator (NG) for harvesting solar and mechanical energy. (a) The 3D HC is composed of an optical
fiber based DSSC with capillary tube as counter electrode and a NG on top. (b) Open-circuit voltage (VOC) of the HC
when the NG and the DSSC are connected in series, where VOC(HC)= VOC(DSSC)+ VOC(NG). (c) Short-circuit current
(ISC) of the HC when the NG and the DSSC are connected in parallel. (d) and (e) Enlarged view of ISC(HC) and ISC(NG),
clearly showing that ISC(NG) is 0.13 µA, the ISC(DSSC) is 7.52 µA, and the ISC(HC) is about 7.65 µA, nearly the sum of
the output of the solar cell. [21].
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Figure 12. Tactile imaging and multidimensional sensing by the fully integrated 92 × 92 SGVPT array. (A) Metrology
mapping (inset) and statistical investigation of the fully integrated SGVPT array without applying stress. (B) Current
response contour plot illustrating the capability of SGVPT array for imaging the spatial profile of applied stress. Color
scale represents the current differences for each taxel before and after applying the normal stress. The physical shape
of the applied stress is highlighted by the white dashed lines. (C) Multidimensional sensing by an SGVPT array exhibits
the potential of realizing applications such as personal signature recognition with maximum security and unique iden‐
tity. The shape of a “written” letter A is highlighted by the white dashed lines. [22].

4. Development of GaN UVAPD for ultraviolet sensor applications

High resolution imaging in UV bans has a lot of applications in Defense and Commercial
applications. The shortest wavelength is desired for spatial resolution which allows for small
pixels and large formats. UVAPD’s have been demonstrated as discrete devices demonstrating
gain. The next frontier is to develop UV APD arrays with high gain to demonstrate high
resolution imaging. We will discuss model that can predict sensor performance in the UV band
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using APD’s with various gain and other parameters for a desired UV band of interest. SNR’s
can be modeled from illuminated targets at various distances with high resolution under
standard atmospheres in the UV band and the solar blind region using detector arrays with
unity gain and with high gain APD’s [23-26].

Figure 13. Relationship between alloy composition of AlGaN and the corresponding spectral cutoff for the UV detec‐
tor arrays [23].

Figure 13 presents the relationship between the alloy composition of Gallium and Aluminum
in AlxGa1-xN that determines the cut-off wavelength of the UV detector for p-i-n [23-24] and
also for UV APD’s. Deep Ultra Violet (DUV) will require addition of larger composition of
Aluminum in AlxGa1-xN. [25].

5. GaN /AlGaN UV APD growth

Figure 14 presents the High-Temperature MOCVD system by Aixtron. This new reactor design
and capability has the ability to grow high quality GaN and AlGaN material with doping for
GaN/AlGaN UVAPD applications [26].

Figure 15 presents the device structure of a back-side illuminated AlGaN UV APD. The
substrate in this device structure is double side polished AlN substrate. The use of AlN
substrate allows the UV APD device structure to be back-side illuminated and can be inte‐
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grated with silicon CMOS electronics. Figure 16 presents the Reciprocal Space mapping of
AlGaN on AlN substrate and Sapphire substrate. The data for sapphire substrate shows
increased strain and mosaicity compared with AlN substrate.

Figure 14. Photograph of New-generation AIXTRON CCS 3x2 “ high temperature III-Nitride 3x2 MOCVD growth
Chamber open for loading wafers showing close-coupled showerhead [26]

Figure 15. Device Structure Cross-section of prototype Back-Side Illuminated AlGaN UV APD [27]
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Figure 16. Reciprocal Space mapping of AlGaN p-n junctions on AlN and Sapphire Substrates [28]

Figure 17. Microscopic surface morphology using AFM on GaN p-i-n structure grown on GaN/Sapphire template. No
specific surface defects are observed [27]

Figure 18. SIMS analysis of GaN p-i-n structure on GaN/Sapphire template, the data shows controlled Si and Mg dop‐
ing for n- and p-type layers. The data shows low background doping concentration in GaN layer [28]
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Figure 17 presents the microscopic surface morphology using AFM on GaN p-i-n structure
grown on GaN/Sapphire template. No surface defects are observed. These results are encour‐
aging to develop a low cost back-side illuminated UV APD detector array.

Figure 19. Current - Voltage characteristics of AlGaN UV APD Unpassivated test structure. Further reduction in the
dark current will be expected with surface passivation [29].

Figure 18 presents the SIMS analysis of GaN p-i-n structure on GaN/Sapphire template, the
data shows controlled Si and Mg doping for n- and p-type layers. The data shows low
background doping concentration in GaN layer. The Mg doping is being increased for better
p-type conductivity

Figure 19 presents the Current-Voltage characteristics of AlGaN UV APD with spectral response
of 300 nm. Further reduction in the dark current will be expected with surface passivation. The
future effort is underway to improve the growth characteristics Low-defect-density in substrates
and high-quality epitaxial growth technologies are the keys to the successful implementation
of a robust high-performance APDs for UV focal plane arrays [29-33].

6. Visible –Near Infrared (NIR) detector technologies

The Visible-Near Infrared band (0.4-1.7 µm) bridges the spectral gap between the visible and
thermal bands in the electromagnetic spectrum. In this spectral band, the primary phenom‐
enology of interest is the reflectance signature of the target, manifested as either its variations
in brightness or spectral reflectance, or both.

Infrared imaging in the NIR /SWIR band offers several advantages: it can detect reflected light,
offering more intuitive, visible-like images; is better suited for imaging in adverse environ‐
ments and weather conditions, including fog, dust, and smoke; can also see in low light
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conditions, and use eye safe 1550 nm illumination; and can generate digital video outputs and
thus offering a more dynamic range than traditional image intensifier night vision equipment.
Under low light conditions, the sensitivity of the focal plane array is ultimately determined by
the R0A product of the photodiode.[ 34-36].

6.1. Si1-x Gex (SiGe) detector arrays

Like the other two alloy semiconductors mentioned above, SiGe is another example of material
that can be used for the fabrication of IR detectors. The key attractive feature of SiGe IR
detectors is that they can be fabricated on large diameter Si substrates with size as large as 12-
inch diameter using standard integrated circuit processing techniques. Furthermore, the SiGe
detectors can be directly integrated onto low noise Si ROICs to yield low cost and highly
uniform IR FPAs.

Some of the earlier attempts in developing SiGe IR detectors focused on their LWIR applica‐
tions [34-36]. Renewed efforts are now developing these detectors for application in the NIR-
SWIR band [36]. For the SiGe material to respond to the SWIR band, its cutoff wavelength is
tuned by adjusting the SiGe alloy composition. Si and Ge have the same crystallographic
structure and both materials can be alloyed with various Ge concentration. The lattice constant
of Ge is 4.18% larger than that of Si, and for a Si1-x Gex alloy the lattice constant does not exactly
follow Vegard’s law. The relative change of the lattice constant is given by [36]:

aSi1-x Gex= 0.5431 + 0.01992x+ 0.0002733x2(nm).

For a Si1-x Gex layer with x > 0 on a Si substrate means that the layer is under compressive stress.
A perfect epitaxial growth of such a strained heteroepitaxial layer can be achieved as long as
its thickness does not exceed a critical thickness for stability. Beyond the critical thickness, the
strain is relaxed through the formation of misfit dislocations which can cause an increase in
the dark current.

Several approaches have been proposed to reduce the dark current in SiGe detector arrays by
several orders of magnitude; these include Superlattice, Quantum dot and Buried junction
designs [36-38]. Furthermore, some of these approaches have the potential of extending the
wavelength of operation beyond 1.8-2.0 microns. The challenge is to take advantage of these
innovative device designs and reduce the dark currents to 1-10 nA cm-2. Figure 20 presents the
SiGe /Ge detector array using buried junction approach to reduce the surface states and leakage
current [36].

Figure 22 shows the Strained-Layer Superlattice (SLS) structure being evaluated for longer
detector array response to 2 microns.. It consists of SiGe quantum wells and Si barrier layers,
grown on p-type (001) Si substrates. Super lattices having differing Si barrier and Ge well
thicknesses to control the strain are grown to optimize wavelength response and dark current.

The SiGe well thicknesses are kept below the critical layer thickness for dislocation formation.
To complete the structure, the undoped superlattice is capped with a thin n+ Si cap layer to
form the p-n junction. After growth the devices are patterned with a top contact, mesas are
etched to provide isolation and the substrate contact is formed. The etched mesa can also be
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passivated to minimize surface recombination as indicated in Figure 22. The device shown in
the figure 22 uses substrate illumination, as is needed for use in FPA arrays, and short
wavelength response can be improved by thinning the Si substrate.

p+ - Si Substrate (100)

p+ - Ge seed layer

Photon Absorbtion Layer

>1 m Intrinsic Ge Layer

n+ - poly SiGe Layer
p - Ge Layerp - Ge Layer

Oxide Oxide

n+ - Ge Layer

Figure 20. SiGe/Si based buried junction approach to be evaluated for reduced surface states and leakage current
[36]

Figure 21. Measured room temperature I-V characteristics for large area diodes with 20, 50 and 200 micron unit cell.
The inset shows the schematic device cross section. The spectral response data for SiGe detector is also presented. [38]
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Figure 22. Schematic of detector array structure consisting of a SiGe /Si strained layer Superlattice grown on (001)
silicon [38].

Figure 23. SEM image (45° tilt) of a Ge QD layer deposited on Si. The QDs are ~60 nm in diameter with a density of
1020 cm2. Also shown is a Cross-sectional TEM image of Ge/Si QDSL grown. Ge QDs appear with dark contrast com‐
pared to Si barriers. [38].
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The strained-layer superlattice and quantum dot superlattice (QDSL) in the SiGe material
system have the potential of developing Vis-NIR detector arrays with longer cutoff wavelength
and potentially lower dark current. The advantage of quantum dots is the potential to exploit
the optical properties of Ge while avoiding dislocation formation. Ge QDs grown on Si in
Stranski-Krastanov mode can be deposited well beyond the critical thickness without dislo‐
cation nucleation [39].

Figure 23 shows an SEM image of an array of Ge nanodots grown by MOCVD. These dots are
typically 50-75 nm in diameter with area coverage of ~20%. To increase optical absorption and
sensitivity, MOCVD-based growth techniques is being developed for the deposition of Ge/Si
quantum dot superlattices (QDSLs), where Ge QDs are alternated with thin (10-30 nm) Si
barrier layers. A cross-sectional TEM image of QDSLs is shown in Figure 23.b.

7. SWIR detector technologies

The SWIR band (0.9-2.5 µm) bridges the spectral gap between the visible and thermal bands
in the electromagnetic spectrum. In this spectral band, the primary phenomenology of interest
is the reflectance signature of the target, manifested as either its variations in brightness or
spectral reflectance, or both.

Infrared imaging in the SWIR band offers several advantages: it can detect reflected light,
offering more intuitive, visible-like images; is better suited for imaging in adverse environ‐
ments and weather conditions, including fog, dust, and smoke; can also see in low light
conditions, and use eye safe 1550 nm illumination that is totally undetectable by regular night
vision equipment; and can generate digital video outputs and thus offering a more dynamic
range than traditional image intensifier night vision equipment. Under low light conditions,
the sensitivity of the focal plane array is ultimately determined by the R0A product of the
photodiode.

7.1. Inx Ga1-xAs detector array development

For SWIR imaging, InGaAs is one of the widely used detector materials due to its low dark
current. The detector material can be prepared using any of the following techniques: Molec‐
ular beam epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD), liquid phase
epitaxy (LPE), hydride-transport vapor phase epitaxy (VPE), and atomic layer epitaxy (ALE).
InGaAs layers are typically grown on lattice matched InP substrates using an alloy composition
of x = 0.53 [40-42].

The spectral response typically covers 0.9-1.7µm at room temperature. By increasing the
composition to x=0.82, InGaAs is able to extend its cutoff to 2.6 µm. However, the crystal defects
due to epitaxy and the decreased shunt resistance, due to a smaller band gap, degrade
performance at the longer cutoff wavelengths. [43].

The band gap [7-1] of the strained Inx Ga1-x As: InP structure can be tailored by varying the
alloy composition during crystal growth according to the equation:
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Where Eg is the band gap in (eV),  α and β are fitting parameters, and x is the In: As ratio. The
cut-off wavelength can be calculated from the expression λco =hc / Egap

The response can be extended to include the visible wavelength range by removing the InP
substrate. There has been an intensive effort to develop InGaAs arrays for Low Light Level
(LLL) SWIR imaging [40-46]. An example is in astrophysical space based observatories that
are very demanding on the detectors due to the very low IR flux levels.  Such low flux
levels represent the detection of few photons over long integration times and, therefore,
require extremely low dark current photodiodes hybridized to a high performance ROIC
stage. For such LLL applications there are challenges ahead to further lower noise, reduce
pixel  size,  fabricate  larger  arrays,  achieve  higher  operating  temperatures,  and  reduce
production cost.

The spectral response of InGaAs diodes at room temperature is in the 0.9 – 1.67 µm wavelength
range which matches with the ambient night glow spectrum. Imaging under such low light
conditions requires that the noise of the detector be extremely low. A significant portion of the
noise is contributed by the dark current of the InGaAs detector and the readout noise. Dark
current consists of unwanted thermally generated carriers that can cause the detector to
produce a random varying output signal.

It is associated with interfacial, diffusional, G-R, and tunneling currents. The temperature
dependence of the dark current is primarily due to the intrinsic carrier concentration which
depends exponentially on the temperature. The dark current of the detector can be reduced
through appropriate fabrication processes and device design. The impact of dark current noise
as a function of read noise is shown in Figure 5.1, where the curves for different pixel pitch
map the dark current noise into an equivalent read noise.

For a given read noise, the required dark current density increases as the pixel pitch is
decreased. The challenge is to maintain a low dark current density as the pixel pitch is reduced.
Simultaneously, the challenge for the read out circuit is to reduce the read noise. If the
limitation is due to the detector and its noise level overwhelms the source signal, the solution
may be to use an external illuminator or cool the detector. The choice of either solution will
depend on a tradeoff between size, weight, and power requirements (SWaP).

As mentioned above, the dark current of the detector can be reduced through appropriate
fabrication processes and device designs. By focusing on the growth conditions for the InGaAs
absorption layer, heterointerfaces and the passivation layer, researchers have been able to
demonstrate dark current density below 1.5 nA/cm2 at 77°C for 15 µm pitch arrays as shown
Figure 24.

In scaling to small pixel pitch, further effort is continued to develop wafer processing param‐
eters and methods that reduce surface related perimeter effects and enable small pixel pitch
InGaAs detectors with dark current densities comparable to large (25 µm) pixel pitches
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detectors [5-6]. Figure 26 presents a plot of dark current density, measured at 20 °C, for eight
different, 300 x 10 pixel test arrays distributed across a 3” wafer. The average dark current
density at -100 mV was 2.95 nA/cm2.

Further effort is underway to demonstrate large format (>1Kx1K) and small pixel (<20µm)
InGaAs focal plane arrays (FPAs) for a variety of low light level (LLL) imaging applications
such as night vision. These applications demand extremely low detector dark current and Si
read-out integration circuit (ROIC) noise [47].

Recent work [47] has demonstrated significant progress in InGaAs detector array development
on a 4” wafer as shown in figure 27; and also reducing dark current density for 10-20µm pixel
arrays, (3) developing sub-10µm pixel array technology and demonstrating the feasibility of
making 5µm pixel arrays, and (4) reducing the capacitance of small pixels [47]. Figure 28
demonstrates recent results for spectral quantum efficiency (QE) as a function of wavelength
measured on backside illuminated InGaAs photodiodes test array at different temperatures
demonstrating Visible-Near IR response with InP substrate removed [47].

Figure 24. Dark current density versus read noise for different pixel pitches [44].
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current consists of unwanted thermally generated carriers that can cause the detector to
produce a random varying output signal.

It is associated with interfacial, diffusional, G-R, and tunneling currents. The temperature
dependence of the dark current is primarily due to the intrinsic carrier concentration which
depends exponentially on the temperature. The dark current of the detector can be reduced
through appropriate fabrication processes and device design. The impact of dark current noise
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As mentioned above, the dark current of the detector can be reduced through appropriate
fabrication processes and device designs. By focusing on the growth conditions for the InGaAs
absorption layer, heterointerfaces and the passivation layer, researchers have been able to
demonstrate dark current density below 1.5 nA/cm2 at 77°C for 15 µm pitch arrays as shown
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In scaling to small pixel pitch, further effort is continued to develop wafer processing param‐
eters and methods that reduce surface related perimeter effects and enable small pixel pitch
InGaAs detectors with dark current densities comparable to large (25 µm) pixel pitches
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detectors [5-6]. Figure 26 presents a plot of dark current density, measured at 20 °C, for eight
different, 300 x 10 pixel test arrays distributed across a 3” wafer. The average dark current
density at -100 mV was 2.95 nA/cm2.

Further effort is underway to demonstrate large format (>1Kx1K) and small pixel (<20µm)
InGaAs focal plane arrays (FPAs) for a variety of low light level (LLL) imaging applications
such as night vision. These applications demand extremely low detector dark current and Si
read-out integration circuit (ROIC) noise [47].

Recent work [47] has demonstrated significant progress in InGaAs detector array development
on a 4” wafer as shown in figure 27; and also reducing dark current density for 10-20µm pixel
arrays, (3) developing sub-10µm pixel array technology and demonstrating the feasibility of
making 5µm pixel arrays, and (4) reducing the capacitance of small pixels [47]. Figure 28
demonstrates recent results for spectral quantum efficiency (QE) as a function of wavelength
measured on backside illuminated InGaAs photodiodes test array at different temperatures
demonstrating Visible-Near IR response with InP substrate removed [47].

Figure 24. Dark current density versus read noise for different pixel pitches [44].
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Figure 25. Dark current density at different temperatures using test structures on the wafer. Test arrays have 225 pix‐
els (15 μm pitch) and the guard ring is not biased [45].

Figure 26. Experimental results for InGaAs test array demonstrating dark current density for eight separate 300 x 10,
15 μm pitch pixel test arrays measured across a wafer. The average dark current density for the test arrays at 100 mV
reverse bias is 2.95 nA/cm2 at 20 °C [ 45].
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Figure 27. Experimental 1280x1024/15μm arrays on 4” wafer surrounded by various test mini-arrays with pitch sizes
of 5-20μm [47].

Figure 28. Spectral QE vs. wavelength at different temperatures measured for backside illuminated InGaAs photodio‐
des test array demonstrating Visible-Near IR response with InP substrate removed [47].
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8. Nanostructured detector technology for MWIR and LWIR bands

EO/IR Sensors and imagers using nanostructure based materials are being developed for a
variety of Defense Applications. In this section, we will present recent work under way for
development of next generation carbon nanostructure based infrared detectors and arrays. We
will discuss detector concepts that will provide next generation high performance, high frame
rate, and uncooled nano-bolometer for MWIR and LWIR bands [52-55]. The critical technolo‐
gies being developed include carbon nanostructure growth, characterization, optical and
electronic properties that show the feasibility for IR detection. Experimental results on CNT
nanostructures will be presented. Further discussion will be provided for the path forward to
demonstrate enhanced IR sensitivity and larger arrays.

The microbolometer based on Si-MEMS device structure has been under development for over
20 years with support from DARPA and the US Army. Two most common Si-MEMS based
structures utilize VOx and amorphous silicon based technologies. Several companies such as
BAE systems and DRS Technologies are developing and producing 17 micron unit cell 640x
480 and larger arrays using VOx [48-51]. Similarly, L3Communications and other groups are
developing and producing 640x480 with 17 micron unit cell using amorphous-Silicon tech‐
nology [50-51].

We will discuss the use of carbon nanostructures for use as the high performance bolometric
element of the MWIR and LWIR bands. As part of this effort, we are exploring development
of smaller unit cell bolometer.i.e. 5-10 micron unit cell, with higher TCR and higher frequency
response in the 1 to 10 KHz range. The feasibility of such an array can open up a larger number
of defense and commercial applications. This section will discuss the efforts under way to
explore these possibilities.

8.1. Design and modeling of CNT-based bolometer characteristics

To optimize bolometer design, we need to consider several physical key phenomena. From a
fundamental point of view, we take the absorbing material to have an extremely large response
to infrared radiation. The phonon modes of the material need to be able to easily couple to
infrared radiation. Furthermore, once this coupling has been achieved, the absorbed radiation
should greatly increase the population of the phonon modes thereby significantly increasing
the lattice temperature [52-53].

On a macroscopic scale, this large temperature increase is typically described in terms of a
large thermal resistance. The higher the thermal resistance of the material, in general, the
higher the resulting temperature will be after absorbing IR. Of course, higher thermal resist‐
ance may also give rise to larger thermal noise. This mitigating factor must be balanced with
signal response in order to optimize IR sensitivity, or the minimum detectable IR signal.

In summary, for DC operation, we work to maximize the thermal resistance Rth while achieving
an acceptable noise, which maximizes the minimum signal that we can detect. In addition to
DC operation, we try to maximize the thermal frequency response of the bolometer. This
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requires that we minimize the thermal capacitance Cth of the device and thereby minimize the
thermal RthCth time constant for the absorbing material.

Temperature Dependent Electrical Characteristics: In addition to considering the DC and transient
thermal characteristics of the absorbing material, we need to optimize the electrical response
as well. To achieve this, we associate the electrical response with the thermal response by
considering the temperature dependent voltage-current characteristics of the electrical
material.

A good response is obtained by utilizing a material that has an effectively large variation of
electrical resistance with temperature. However, at the same time we want the material to have
a temperature coefficient of resistance that is relatively independent of the absolute value of
the resistance itself. Therefore, we look at materials that have an exponential relationship
between electrical resistance and temperature. For such materials, the Temperature Coefficient
of Resistance (TCR) is not strongly dependent on the absolute value of the electrical resistance
of the material itself.

8.1.1. Calculating the thermal response of the CNT bolometer film

In this work we are assessing the possibility of designing a bolometer using carbon nanotubes
as both the IR absorbing material and the electrical response material. Thus, our aim is to first
determine the thermal response of the bolometer absorber that is composed of CNTs, and then
determine how the electrical characteristics of the CNT material depend on its changes in
temperature after IR absorption.

While there are numerous geometries of CNT based material we can consider, for this work
we will focus on an absorbing material composed of a CNT film. The film is taken to consist
of a random placement of CNTs that is two nanotubes thick.

Heat Flow Equation: To determine the temperature of the material in the presence of IR radiation,
we start with the heat flow equation. This is a partial differential equation relating the time
rate of change in temperature to the position and the rate of net heat that is absorbed by the
material as a function of time and position.

Cv
∂T
∂ t =κ∇2 T + H

In the equation Cv is the thermal capacitance (joules/degree-unit cm3) and κ is the thermal
diffusion coefficient in watts/degree-cm). H is the net power absorbed by the material in watts
per unit volume. To solve this equation for the CNT bolometer, we have to first determine Cv

and κ for the CNT and the CNT film.

Thermal Capacitance of CNT Absorber: To determine the heat capacity of a carbon nanotube, we
first determine the internal vibrational energy of the CNT, and then take the derivative with
respect to temperature. The internal energy is found by determining the energy of each
vibrational mode, multiplying by the probability that the mode is populated using Bose-
Einstein statistics, and then summing over all of the allowed modes.
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material as a function of time and position.
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The number of allowed modes will depend on the diameter and wrapping angle of the CNTs
present, so we take a statistical sample. Multiplying the individual CNT heat capacity by the
number of CNTs in the film provides a reasonable value for the heat capacity of the film. After
following this procedure and inserting numerical values for physical constants, we arrive at
the following average numerical value for thermal capacity of a CNT Cvt, where the length L
is in microns and the diameter d is in nanometers

Cvt ~ 1.4 x 10-18 ( L)( d)

CNT Thermal Diffusion Coefficient: In addition to the thermal capacitance, we need to determine
the thermal diffusion coefficient, and eventually the thermal resistance of a single CNT.
Experiments on isolated CNTs have fit the coefficient of thermal diffusion to data obtaining
the following expression [52-53]:

κ(L , T )= {3.7x10−7T + 9.7x10−10T 2 +
9.3
T 2 1 +

0.5
L }−1

From κ we can obtain the thermal resistance RT of a single CNT using the following definition:

RT =
4L

κπd 2

Where L, d are the length and diameter of the CNT

Using average values for CNTs gives the following numerical value for the thermal resistance
of a CNT

RT ~ 5 x 108(L/d2)

Where RT is in units of degrees K/Watt, L is in units of microns and d is in units of nanometers.
So a tube that is one micron long and one nanometer in diameter will have a thermal resistance
RT of approximately 5 x 108 K/W.

Net IR Radiation Power Absorbed: Now that we have the thermal diffusion and capacitance we
are almost ready to begin solving the above heat flow equation to determine the temperature
of the bolometer. However, before doing so, we need to determine H, the net IR power
absorbed by the bolometer. We determine this power using the Stefan-Boltzmann Law of
blackbody radiation, which relates the net power absorbed to the temperatures of the subject
and the bolometer using the following expression:

Hnet =σAε(Tobj
4 −Tb

4)

Where Hnet, σ, A, ε, Tobj and Tb are heat absorbed by the bolometer, the Stefan-Boltzmann
constant, cross-sectional area, emissivity, object of interest temperature and bolometer
absorber temperature, respectively. Figure 1 below shows the net IR power absorbed by the
absorber as a function of bolometer temperature for radiating objects at 20oC and 36.5oC.
Cooling the bolometer by 30oC below room temperature allows for significantly more power
to be absorbed, which can give rise to a much stronger signal.

Calculating the Bolometer Temperature Distribution: Using the aforementioned expressions for
Cvt, K and H, we expand on previous work and convert the heat flow equation above into a
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thermal network, illustrated in Figure 2 [6]. In actuality, there are thousands of nodes in the
network for which we calculate the temperature for each.

Figure 29. Net power received by bolometer as a function of bolometer temperature.[54]
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thermal network, illustrated in Figure 2 [6]. In actuality, there are thousands of nodes in the
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In Figure 30, each resistor represents the thermal resistance of a CNT in series with the thermal
resistance between adjacent CNTs. In addition, the capacitors represent the thermal capacity
of a CNT, while the current sources represent the net IR radiation absorbed by each CNT. This
thermal network contains thousands of nodes, and there is an equation relating the thermal
resistance, capacitance and net power for each node. This system of equations is then solved
for the temperature as a function of position and time throughout the bolometer absorber [54].

Results of these calculations for are shown in Figure 31 for different types of CNT networks.
Here, we assumed that the net absorbed power is 1 nW, and the pixel is tightly packed
with the CNTs. The entire pixel’s temperature map is obtained with a 100×100 tempera‐
ture resolution. For the tubes, we used two different thermal resistance values: 5×108 and
1×109 K/W.

As expected, higher the thermal resistance, higher the temperature difference from the
ambient. We note that in general thermal resistance also rises with increasing temperature,
resulting in further heating of hot spots compared to the case that this dependency is ignored.
The temperature gradient of the contacts legs connecting the film to the readout IC (ROIC) is
clearly shown.

Figure 31. Temperature map of a bolometer pixel when the net absorbed power H is 1 nW, and the CNT thermal
resistance is 5×108 K/W (left) and 1×109 K/W (left). We assumed that the pixel is tightly packed with the CNTs. The
temperature gradient of the contacts legs connecting the film to the ROIC is clearly shown [54]

8.1.2. Calculating the electrical response of the CNT film

To read the  temperature  that  the  bolometer  pixel  reaches  after  an  exposure  to  infrared
radiation,  one needs to measure the electrical  resistance of  the pixel.  By comparing this
resistance to a look-up table or using the a-priori knowledge of temperature coefficient of
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resistance, the pixel temperature can be determined. Therefore, in addition to having a large
thermal  resistance  which  translates  into  higher  temperature  rises,  a  large  temperature
coefficient  of  electrical  resistance  (TCR)  is  desirable  to  achieve  a  higher  temperature
resolution.

Here TCR is defined as the change in electrical resistance per degree Kelvin divided by the
absolute electrical resistance measured at the quiescent point, as follows:

TCR =
1
Re

d Re
dT

Thus, the pixel electrical resistance after it reaches a temperature that is ∆T above its ambient
becomes Re(T) = Re(To)(1+TCR). Using this relationship, the pixel temperature is calculated.

To obtain a high temperature resolution, a large change in electrical resistance is needed upon
heating. To achieve this, a substantial increase either in electron concentration or velocity (for
a given electric field) is necessary. And to this end, materials with junctions where thermionic
emission or tunneling are the electrical current bottlenecks offer a good solution. As the
tunneling current exponentially rises with temperature, the effective change in their electrical
resistance due to temperature becomes large compared to those observed in bulk materials
where the change is proportional Tγ and γ is generally < 2.

Here, a film of CNTs is proposed as the bolometer pixel material, since it is likely to have large
thermal resistance and TCR values simultaneously. Both of these favorable properties are
partially owed to the junctions between the tubes. As the electrical current flows along the mat,
it needs to jump from one tube to the next where they intersect.

At this intersection, the carriers see a potential barrier that they need to tunnel through which
gives rise to exponential increase in current upon heating. Assuming that the electron transport
across this barrier is governed by a Fowler-Nordheim-type tunneling or thermionic emission,
the expected TCR values can be calculated using the following expression:

I =q∫0
∞

Tt(E )v(E )DOS (E ) f (E , T )dE

Where Tt, v, DOS and f, are the transmission coefficient, thermal velocity, density of states and
distribution function, respectively for electrons in the CNT. We perform this calculation a
function of barrier height and electric field. The results are shown in figure 4. The figure on
the left shows a contour plot of the theoretical values of the TCR for a CNT film.

The TCR is plotted as a function of electric field between the tubes and the barrier height.
Theoretical calculations predict an extremely large TCR, which can be attributed to the
relatively large barrier height between adjacent CNTs. If a lower barrier height is assumed, on
the order of 0.06eV, then a TCR of approximately 2.5% is obtained. It is also worth pointing
out that such a large TCR comes at the price of extremely low output currents. The bolometer
current densities, as a function of barrier height and electric field are shown in Figure 32, on
the right.
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Figure 31. Temperature map of a bolometer pixel when the net absorbed power H is 1 nW, and the CNT thermal
resistance is 5×108 K/W (left) and 1×109 K/W (left). We assumed that the pixel is tightly packed with the CNTs. The
temperature gradient of the contacts legs connecting the film to the ROIC is clearly shown [54]

8.1.2. Calculating the electrical response of the CNT film

To read the  temperature  that  the  bolometer  pixel  reaches  after  an  exposure  to  infrared
radiation,  one needs to measure the electrical  resistance of  the pixel.  By comparing this
resistance to a look-up table or using the a-priori knowledge of temperature coefficient of
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resistance, the pixel temperature can be determined. Therefore, in addition to having a large
thermal  resistance  which  translates  into  higher  temperature  rises,  a  large  temperature
coefficient  of  electrical  resistance  (TCR)  is  desirable  to  achieve  a  higher  temperature
resolution.

Here TCR is defined as the change in electrical resistance per degree Kelvin divided by the
absolute electrical resistance measured at the quiescent point, as follows:

TCR =
1
Re

d Re
dT

Thus, the pixel electrical resistance after it reaches a temperature that is ∆T above its ambient
becomes Re(T) = Re(To)(1+TCR). Using this relationship, the pixel temperature is calculated.

To obtain a high temperature resolution, a large change in electrical resistance is needed upon
heating. To achieve this, a substantial increase either in electron concentration or velocity (for
a given electric field) is necessary. And to this end, materials with junctions where thermionic
emission or tunneling are the electrical current bottlenecks offer a good solution. As the
tunneling current exponentially rises with temperature, the effective change in their electrical
resistance due to temperature becomes large compared to those observed in bulk materials
where the change is proportional Tγ and γ is generally < 2.

Here, a film of CNTs is proposed as the bolometer pixel material, since it is likely to have large
thermal resistance and TCR values simultaneously. Both of these favorable properties are
partially owed to the junctions between the tubes. As the electrical current flows along the mat,
it needs to jump from one tube to the next where they intersect.

At this intersection, the carriers see a potential barrier that they need to tunnel through which
gives rise to exponential increase in current upon heating. Assuming that the electron transport
across this barrier is governed by a Fowler-Nordheim-type tunneling or thermionic emission,
the expected TCR values can be calculated using the following expression:

I =q∫0
∞

Tt(E )v(E )DOS (E ) f (E , T )dE

Where Tt, v, DOS and f, are the transmission coefficient, thermal velocity, density of states and
distribution function, respectively for electrons in the CNT. We perform this calculation a
function of barrier height and electric field. The results are shown in figure 4. The figure on
the left shows a contour plot of the theoretical values of the TCR for a CNT film.

The TCR is plotted as a function of electric field between the tubes and the barrier height.
Theoretical calculations predict an extremely large TCR, which can be attributed to the
relatively large barrier height between adjacent CNTs. If a lower barrier height is assumed, on
the order of 0.06eV, then a TCR of approximately 2.5% is obtained. It is also worth pointing
out that such a large TCR comes at the price of extremely low output currents. The bolometer
current densities, as a function of barrier height and electric field are shown in Figure 32, on
the right.
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Figure 32. Left figure is a contour plot of TCR versus electric field and barrier height between CNTs of the film. The
right figure shows the bolometer current also as a function of electric field and barrier height. The scales are the color
bars on the right of each contour plot in units of %TCR and amperes, respectively.

8.1.3. CNT growth and charcterization

In this section, we will discuss growth and characterization of carbon nanotubes with single
wall (SWCNT) and multiwall (MWCNT) for use as the high performance bolometric element
for development of MWIR and LWIR sensitive detector elements.

Figure 33. Growth of multiwall CNT forest with the ability to separate the form growth substrate with good length /
diameter uniformity and the MWCNT released from the template.[55]

Figure 33 presents growth of dense oriented multi-walled CNT “forest like growth”. The figure
shows the CNT growth can be easily separated from the growth substrate. We have shown
good length/diameter uniformity. Further work on the growth optimization is underway.

Figure 34 shows the prototype fixture to evaluate the CNT films for bolometric application.
This fixture is being used for quick evaluation of both electrical and optical characteristics of
the CNT samples. The figure also shows the preliminary results of reflectivity measurements
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for SWCNT and MWCNT samples with various sample treatments. We have carried out some
preliminary measurements of TCR on CNT samples.

Figure 34. The composite figure shows prototype CNT film bolometer test fixture to evaluate the CNT film quality.
Some preliminary data on reflectivity measurements for SWCNT and MWCNT are shown along with preliminary results
on TCR measurements.[55]

Figure 35 shows scanning electron microscopy SEM. images of representative MWCNT films
in the unsuspended left. and suspended.right. forms, respectively. Unlike their SWCNT
counterparts, the MWCNT films contain substantial uncovered substrate areas. In addition,
some minor deformation of recess is visible on suspended MWCNT films, which is similar to
the SWCNT film case in the same thickness range. Figure 35.b includes a transmission electron
microscopy.TEM. image of a representative individual MWCNT, which has a large hollow
center of approximately 10–11 nm in diameter and contains approximately 40–50 CNT shells.

Nanostructured Detector Technology for Optical Sensing Applications
http://dx.doi.org/10.5772/58349

199



Figure 32. Left figure is a contour plot of TCR versus electric field and barrier height between CNTs of the film. The
right figure shows the bolometer current also as a function of electric field and barrier height. The scales are the color
bars on the right of each contour plot in units of %TCR and amperes, respectively.

8.1.3. CNT growth and charcterization

In this section, we will discuss growth and characterization of carbon nanotubes with single
wall (SWCNT) and multiwall (MWCNT) for use as the high performance bolometric element
for development of MWIR and LWIR sensitive detector elements.

Figure 33. Growth of multiwall CNT forest with the ability to separate the form growth substrate with good length /
diameter uniformity and the MWCNT released from the template.[55]

Figure 33 presents growth of dense oriented multi-walled CNT “forest like growth”. The figure
shows the CNT growth can be easily separated from the growth substrate. We have shown
good length/diameter uniformity. Further work on the growth optimization is underway.

Figure 34 shows the prototype fixture to evaluate the CNT films for bolometric application.
This fixture is being used for quick evaluation of both electrical and optical characteristics of
the CNT samples. The figure also shows the preliminary results of reflectivity measurements

Optical Sensors - New Developments and Practical Applications198

for SWCNT and MWCNT samples with various sample treatments. We have carried out some
preliminary measurements of TCR on CNT samples.

Figure 34. The composite figure shows prototype CNT film bolometer test fixture to evaluate the CNT film quality.
Some preliminary data on reflectivity measurements for SWCNT and MWCNT are shown along with preliminary results
on TCR measurements.[55]

Figure 35 shows scanning electron microscopy SEM. images of representative MWCNT films
in the unsuspended left. and suspended.right. forms, respectively. Unlike their SWCNT
counterparts, the MWCNT films contain substantial uncovered substrate areas. In addition,
some minor deformation of recess is visible on suspended MWCNT films, which is similar to
the SWCNT film case in the same thickness range. Figure 35.b includes a transmission electron
microscopy.TEM. image of a representative individual MWCNT, which has a large hollow
center of approximately 10–11 nm in diameter and contains approximately 40–50 CNT shells.

Nanostructured Detector Technology for Optical Sensing Applications
http://dx.doi.org/10.5772/58349

199



Figure 35. SEM images of unsuspended.left (a). and suspended.right (b). MWCNT films. A TEM image of a representa‐
tive MWCNT. The shell number is estimated to be.40–50 for the MWCNTs [56]

Figure 36. Resistance versus temperatures curves of SWCNT films and MWCNT films.[56]

All MWCNT films studied in this work [56] show semiconductive resistance-temperature.R-
T. behaviors and a representative curves is depicted in Figure 36.. Nevertheless, the increase
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in the resistivity of MWCNT films is much less than that of SWCNT films with decreasing
temperature, as shown in Figure 36. This is not unexpected considering a much smaller band
gap in MWCNTs. The reduced temperature dependence also implies smaller TCR absolute
value in MWCNTs. For example, the TCR absolute value at room temperature for MWCNT
films is about 0.07%/K in contrast to.0.17%/K for SWCNT films. R-T curve after suspending
the MWCNT film has been also measured.

Figure 37. Photoresponse of unsuspended and suspended CNT films.(a) Unsuspended MWCNT film, f=10 Hz, in IR.3
mW/mm2 ;.(b). suspended MWCNT film, f=10 Hz, in IR.3 mW/mm2 ; (c) unsuspended SWCNT film, f=1/30 Hz, in IR.3.5
mW/mm2 ; and (d) suspended SWCNT film, f =2 Hz, in IR.3.5 mW/mm2 [56].

Figure 37 compares the Photoresponse R/R0 of MWCNT films in unsuspended (a) and
suspended (b) cases, where R0 is the sample resistance before IR radiation was turned on and
the change in the resistance caused by IR radiation is defined as.R=R-R0. For comparison, the
results of their SWCNT counterparts are also included in Figure 37 (c).unsuspended and Fig.
37(d). suspended..

Two major differences are visible between MWCNT and SWCNT films, a significantly
higher.R/R0 and a much shorter response time in the cases of MWCNT. The.R/R0 for MWCNT
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samples is typically in the range of a few percent, which is more than one order of magnitude
higher than that of suspended SWCNT films and two orders of magnitude higher than the
unsuspended SWCNT films at a comparable IR power. Considering a lower TCR absolute
value in MWCNTs, the much enhanced Photoresponse of MWCNT films should be attributed
to the naturally suspended inner CNT shells, which may provide an ideal configuration to
enhance the bolometric effect by improving light absorption and reducing thermal link.
Physical suspension of the films in both MWCNT.Fig. 37.(b) and SWCNT.Fig. 37(d.) cases
results in a further improvement of.R/R0 as compared to their unsuspended counterparts. The
improvement is, however, much more pronounced in suspended cases [56].

Figure 38. TCR as function of temperature for a 90 nm thick MWCNT film (a) and a 100 nm thick MWCNT film before
annealing. (b) TCR versus thickness for MWCNT and SWCNT films with different thicknesses. (c) TCR versus thickness/
diameter ratios for SWCNT and MWCNT films [57].

We have also shown the results of TCR as function of temperature in figure 38, for a 90 nm
thick MWCNT film (a) and a 100 nm thick MWCNT film before annealing. (b) TCR versus
thickness for MWCNT and SWCNT films with different thicknesses. (c) TCR versus thickness/
diameter ratios for SWCNT and MWCNT films [57].

We have discussed recent efforts for modeling CNT based bolometer and the experimental
work for development of next generation carbon nanostructure based infrared detectors and
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arrays. Our goal is to develop high performance, high frame rate, and uncooled nano-
bolometer for MWIR and LWIR bands. We also discussed CNT growth system and its
capability to grow samples of various orientations. We have also presented recent results on
SWCNT and MWCNT samples that show promise for use of CNT for developing next
generation high performance small pixel bolometer arrays.

9. Summary

In this chapter, we have discussed recent advances in nanostructured based detector technol‐
ogy, materials and devices for optical sensing applications. The chapter has presented an
overview of recent work underway on a variety of semiconductors and advanced materials
such as GaN, ZnO, Si/SiGe, InGaAs and CNT for optical sensing applications.

Optical sensing technology is critical for defense and commercial applications including
optical communication. Advances in optoelectronics materials in the UV, Visible and Infrared,
using nanostructures, and use of novel materials such as CNT have opened doors for new
approaches to apply device design methodology that are expected to offer enhanced perform‐
ance and low cost optical sensors in a wide range of applications.

We have covered the UV band (200-400 nm) and address some of the recent advances in
nanostructures growth and characterization using GaN/AlGaN, ZnO/MgZnO based technol‐
ogies and their applications. We have also discussed nanostructure based Si/SiGe technologies
(400-1700 nm) that covers various bands of interest in visible-near infrared for detection and
optical communication applications. The chapter has also discussed some of the theoretical
and experimental results in these detector technologies.

Recent advancements in design and development of CNT based detection technologies have
shown promise for optical sensor applications. We have presented theoretical and experimen‐
tal results on these device and their potential applications in various bands of interest. It is
anticipated that the current research and development presented in this chapter will enable a
host of new integrated technologies for a variety of defense and commercial applications.

Although numerous research activities are ongoing in the area of Nanoscience and technology,
we briefly made comments on such technologies to make readers aware of various research
activities.

Acknowledgements
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1. Introduction

In aerospace engineering, anodized-aluminum pressure-sensitive paint (AA-PSP) has been
used in short duration time tests [1 - 12], unsteady flow visualizations, and unsteady pressure
measurements [13 – 25]. Because of its nano-open structure (Figure 1), AA-PSP yields high
mass diffusion that results in a pressure response time on the order of ten microseconds [26].
This structure enables oxygen gas to interact directly with luminophores on the pore surface,
which provides fast response to pressures. By applying an AA-PSP, we can obtain global
surface pressure information instead of pointwise information that may result in wide
applications in pressure detection fields. AA-PSP is an optical sensor that consists of a
molecular pressure probe (luminophore) and an anodized aluminum as a supporting matrix.
As schematically shown in Figure 2, the luminophore on the anodized-aluminum surface is
excited by an illumination source and gives off luminescence. This luminescence is related to
gaseous oxygen in a test gas, a process called oxygen quenching. Because the gaseous oxygen
can be described as a partial pressure of oxygen as well as a static pressure, the luminescence
from an AA-PSP can be described as a static pressure. See Section 3.2 for a detailed description.

The luminophore is directly related to important parameters of AA-PSPs, such as the lumi‐
nescent signal level, pressure sensitivity, temperature dependency, and response time. Mainly
three types of luminophores are commonly used for PSP in general, such as ruthenium
complex, porphyrin, and pyrene. Each luminophore has an optimum excitation wavelength,
and its peak wavelength of luminescence varies by the luminophore as well. For AA-PSP, the
luminophore is applied on the anodized-aluminum surface by the dipping deposition method
[27]. This method requires a luminophore, a solvent, and an anodized-aluminum coating. The

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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application procedure is schematically shown in Figure 3. This method first dissolves the
luminophore in solvent, and anodized-aluminum coating is dipped in the solution to apply
the luminophore on the anodized-aluminum surface. However, this method was not quite
understood, so that other luminophores were not successfully applied on an anodized-
aluminum surface. For a given luminophore, a selection of solvent may influence to the AA-
PSP characterizations: the signal level, pressure sensitivity, temperature dependency, and
response time. The luminophore concentration may influence to the AA-PSP characterizations,
because the amount of luminophore on an anodized-aluminum surface may change with the
concentration used in the dipping deposition. The dipping duration can be another important
parameter that influences the AA-PSP characterizations, because it would influence the
amount of luminophore applied on the anodized-aluminum surface. The effects on the dipping
duration as well as the above mentioned dipping parameters would give us fundamental
knowledge to apply various luminophores on the anodized-aluminum coating. However, the
effects of these parameters on AA-PSP have not been studied.

100nm

Figure 1. Nano-open structure of anodized-aluminum surface. Surface image was taken using a scanning electron mi‐
croscope.
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Figure 2. Schematic description of anodized-aluminum pressure-sensitive paint (AA-PSP).

Optical Sensors - New Developments and Practical Applications210

anodized-aluminum 
coated model AA-PSP model

dipping deposition

luminophore 
solution

Figure 3. Schematic description of dipping deposition method.

In this chapter, the luminophore application method of dipping deposition is studied. This
includes steady- and unsteady-state characterizations of AA-PSP, such as the signal level,
pressure sensitivity, temperature dependency, and response time. The study of this method
will expand our selection of luminophores onto an anodized aluminum, which will be
beneficial for fabricating AA-PSP for various aerodynamic-measurement purposes especially
in unsteady measurement applications.

2. Materials and luminophore application

Anodized-aluminum coated samples were prepared from a sheet of pure aluminum, anodi‐
zation process, and cut in pieces (10 mm × 10 mm). The anodization process and the lumino‐
phore-application process were as follows. The anodization process gives an anodized
aluminum of 20 nm pore size with the thickness of 10 ± 1 µm. The thickness was measured by
an eddy current apparatus (Kett, LZ-330). Bathophen ruthenium (RuDPP) from GFS Chemicals
was used as a luminophore. It is a conventional luminophore for AA-PSP.

• Step1 Pretreatment. An aluminum sheet was dipped in a 2% sodium hydroxide solution
for 2 min to remove an excess oxidized layer. The surface was rinsed by water after this
process.

• Step2 Anodization. A constant current density (10 mA/cm2) was applied to the aluminum
sheet, which was connected to anode in 1 M sulfuric acid at 0 °C.

• Step3 Anodized layer modification. The anodized sheet was dipped in a 5 % phosphoric
acid for 20 min at 30 °C. After this process, the sheet was rinsed by water.

• Step4 Luminophore application (dipping deposition). For a given luminophore (RuDPP),
the solvent polarity, luminophore concentration, and dipping duration were varied to study
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In this chapter, the luminophore application method of dipping deposition is studied. This
includes steady- and unsteady-state characterizations of AA-PSP, such as the signal level,
pressure sensitivity, temperature dependency, and response time. The study of this method
will expand our selection of luminophores onto an anodized aluminum, which will be
beneficial for fabricating AA-PSP for various aerodynamic-measurement purposes especially
in unsteady measurement applications.

2. Materials and luminophore application

Anodized-aluminum coated samples were prepared from a sheet of pure aluminum, anodi‐
zation process, and cut in pieces (10 mm × 10 mm). The anodization process and the lumino‐
phore-application process were as follows. The anodization process gives an anodized
aluminum of 20 nm pore size with the thickness of 10 ± 1 µm. The thickness was measured by
an eddy current apparatus (Kett, LZ-330). Bathophen ruthenium (RuDPP) from GFS Chemicals
was used as a luminophore. It is a conventional luminophore for AA-PSP.

• Step1 Pretreatment. An aluminum sheet was dipped in a 2% sodium hydroxide solution
for 2 min to remove an excess oxidized layer. The surface was rinsed by water after this
process.

• Step2 Anodization. A constant current density (10 mA/cm2) was applied to the aluminum
sheet, which was connected to anode in 1 M sulfuric acid at 0 °C.

• Step3 Anodized layer modification. The anodized sheet was dipped in a 5 % phosphoric
acid for 20 min at 30 °C. After this process, the sheet was rinsed by water.

• Step4 Luminophore application (dipping deposition). For a given luminophore (RuDPP),
the solvent polarity, luminophore concentration, and dipping duration were varied to study
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the luminophore application process. After the dipping, AA-PSP was rinsed with the same
solvent used. Then, remained solvents on AA-PSP samples were evaporated in a vacuum
chamber at 50 °C for about 3 hours.

In total eight solvents (hexane, toluene, dichloromethane, chloroform, acetone, N,N-dimethyl
formamide, dimethyl sulfoxide, and water) were selected for the solvent-polarity study in
order from non-polar to the highest polarity index. The luminophore concentration was
selected from a very dilute case of 0.001 mM to 10 mM, where the luminophore reached to its
saturation. The dipping duration was varied from a very short dipping of 1 s to a very long
dipping of 100,000 s (over 1 day). Even though the upper limit of the dipping duration would
be infinity, the author assumed that over 1 day of dipping duration would be enough to
understand the change in the AA-PSP characterizations. The reference AA-PSP, which was
labeled as AAPSPref, was created by dichloromethane as a solvent, the concentration of 0.1 mM,
and the dipping duration of one hour.

To study the effect on the solvent polarity, 11.7 mg of RuDPP was dissolved in 100 ml of eight
different solvents based on the polarity index (Table 1 (a)). If RuDPP is dissolved completely,
the concentration was 0.1 mM. If not dissolved, the solution was saturated with excess RuDPP
remained. Anodized-aluminum samples were dipped in RuDPP solutions. The dipping time
was one hour at room conditions. Eight different AA-PSP samples were labeled based on their
polarity index of solvents (Table 1 (a)).

To study the effect on the luminophore concentration, dichloromethane was chosen as a
solvent. The concentration had the range of the fifth order of magnitude; it was varied from
0.001 mM to 10 mM. The dipping duration was one hour at room conditions. Table 1 (b) lists
the luminophore application conditions related to the concentration. Prepared AA-PSPs were
labeled (also listed in Table 1 (b) as Sample ID).

To study the effect on the dipping duration, dichloromethane was chosen as a solvent, and
the concentration of the luminophore solution was fixed at 0.1 mM. The duration was varied
from 1 s to 100,000 s. Table 1 (c) lists the conditions related to the dipping duration. Prepared
AA-PSPs are labeled based on their dipping conditions, which are also listed in Table 1 (c)
as Sample ID.

3. Steady-state characterization

Figure 4 schematically describes the calibration system, which consists of a spectrometer
(Hitachi High Technologies, F-7000) and a pressure- and temperature-controlled chamber.
This system characterizes the luminescent spectrum of an AA-PSP sample with varying
pressures and temperatures. For characterization, an AA-PSP sample was placed in the test
chamber. The excitation wavelength was set at 460 nm by a monochromator via a xenon lamp
illumination in the spectrometer unit. The chamber has optical windows that passed the
excitation from the illumination unit and the luminescence from the sample. The luminescence
from AA-PSP samples was measured from 570 to 800 nm for a given pressure and a given
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temperature. The luminescent signal of an AA-PSP was then determined by integrating the
spectrum from 600 to 700 nm. For pressure calibration, the chamber was connected to a
pressure controlling unit (Druck DPI515), with settings from 5 to 120 kPa at a constant
temperature at 25 °C. For temperature calibration, a sample heater/cooler was controlled to
vary the temperature from 10 to 50 °C with a constant pressure at 100 kPa. The test gas was

Sample ID Polarity Index Solvent

AAPSPind00 0.1 Hexane

AAPSPind02 2.4 Toluene

AAPSPref 3.1 Dichloromethane

AAPSPind04 4.1 Chloroform

AAPSPind05 5.1 Acetone

AAPSPind06 6.4 N,N-dimethylformamide

AAPSPind07 7.2 Dimethylsulfoxide

AAPSPind10 10.2 Water

(a)

Sample ID Luminophore Concentration (mM)

AAPSP00.001 0.001

AAPSP00.010 0.01

AAPSPref 0.1

AAPSP01.000 1

AAPSP10.000 10

(b)

Sample ID Dipping Duration (s)

AAPSP1 1

AAPSP10 10

AAPSP100 100

AAPSP1000 1,000

AAPSPref 3,600

AAPSP100000 100,000

(c)

Table 1. (a). Luminophore application conditions: solvent polarity. Dipping solvent was selected based on the polarity
index. RuDPP concentration was fixed at 0.1 mM, and anodized-aluminum coatings were dipped at room temperature
for one hour. (b). Luminophore application conditions: luminophore concentration. RuDPP concentration was varied
from 0.001 mM to 10 mM. Dipping solvent was dichloromethane, and anodized-aluminum coatings were dipped at
room temperature for one hour.(c). Luminophore application conditions: dipping duration. Dipping duration was
varied from 1 to 100,000 s. Dichloromethane was chosen as a solvent, and RuDPP concentration was fixed at 0.1 mM.
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the luminophore application process. After the dipping, AA-PSP was rinsed with the same
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be infinity, the author assumed that over 1 day of dipping duration would be enough to
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labeled as AAPSPref, was created by dichloromethane as a solvent, the concentration of 0.1 mM,
and the dipping duration of one hour.
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different solvents based on the polarity index (Table 1 (a)). If RuDPP is dissolved completely,
the concentration was 0.1 mM. If not dissolved, the solution was saturated with excess RuDPP
remained. Anodized-aluminum samples were dipped in RuDPP solutions. The dipping time
was one hour at room conditions. Eight different AA-PSP samples were labeled based on their
polarity index of solvents (Table 1 (a)).

To study the effect on the luminophore concentration, dichloromethane was chosen as a
solvent. The concentration had the range of the fifth order of magnitude; it was varied from
0.001 mM to 10 mM. The dipping duration was one hour at room conditions. Table 1 (b) lists
the luminophore application conditions related to the concentration. Prepared AA-PSPs were
labeled (also listed in Table 1 (b) as Sample ID).

To study the effect on the dipping duration, dichloromethane was chosen as a solvent, and
the concentration of the luminophore solution was fixed at 0.1 mM. The duration was varied
from 1 s to 100,000 s. Table 1 (c) lists the conditions related to the dipping duration. Prepared
AA-PSPs are labeled based on their dipping conditions, which are also listed in Table 1 (c)
as Sample ID.

3. Steady-state characterization

Figure 4 schematically describes the calibration system, which consists of a spectrometer
(Hitachi High Technologies, F-7000) and a pressure- and temperature-controlled chamber.
This system characterizes the luminescent spectrum of an AA-PSP sample with varying
pressures and temperatures. For characterization, an AA-PSP sample was placed in the test
chamber. The excitation wavelength was set at 460 nm by a monochromator via a xenon lamp
illumination in the spectrometer unit. The chamber has optical windows that passed the
excitation from the illumination unit and the luminescence from the sample. The luminescence
from AA-PSP samples was measured from 570 to 800 nm for a given pressure and a given
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temperature. The luminescent signal of an AA-PSP was then determined by integrating the
spectrum from 600 to 700 nm. For pressure calibration, the chamber was connected to a
pressure controlling unit (Druck DPI515), with settings from 5 to 120 kPa at a constant
temperature at 25 °C. For temperature calibration, a sample heater/cooler was controlled to
vary the temperature from 10 to 50 °C with a constant pressure at 100 kPa. The test gas was
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AAPSPind00 0.1 Hexane

AAPSPind02 2.4 Toluene

AAPSPref 3.1 Dichloromethane

AAPSPind04 4.1 Chloroform

AAPSPind05 5.1 Acetone

AAPSPind06 6.4 N,N-dimethylformamide

AAPSPind07 7.2 Dimethylsulfoxide

AAPSPind10 10.2 Water

(a)

Sample ID Luminophore Concentration (mM)

AAPSP00.001 0.001

AAPSP00.010 0.01

AAPSPref 0.1

AAPSP01.000 1

AAPSP10.000 10

(b)

Sample ID Dipping Duration (s)

AAPSP1 1

AAPSP10 10

AAPSP100 100

AAPSP1000 1,000

AAPSPref 3,600

AAPSP100000 100,000

(c)

Table 1. (a). Luminophore application conditions: solvent polarity. Dipping solvent was selected based on the polarity
index. RuDPP concentration was fixed at 0.1 mM, and anodized-aluminum coatings were dipped at room temperature
for one hour. (b). Luminophore application conditions: luminophore concentration. RuDPP concentration was varied
from 0.001 mM to 10 mM. Dipping solvent was dichloromethane, and anodized-aluminum coatings were dipped at
room temperature for one hour.(c). Luminophore application conditions: dipping duration. Dipping duration was
varied from 1 to 100,000 s. Dichloromethane was chosen as a solvent, and RuDPP concentration was fixed at 0.1 mM.
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dry air. For the signal level characterization, all the AA-PSP samples were measured with the
same optical setup in the spectrometer but replacing samples in the chamber at constant
pressure and temperature of 100 kPa and 25 °C, respectively. Throughout our characteriza‐
tions, reference conditions were 100 kPa and 25 °C. The signal level, η, pressure sensitivity, σ,
and temperature dependency, δ, were characterized from the luminescent signals of AA-PSPs.
Definitions and procedures to derive these characterizations are described in Sections 3.1, 3.2,
and 3.3.

Hitachi High Tech F-7000

xenon lamp
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grating

photo-detector

test chamber

AA-PSP

pressure controller

gas supply

vacuum 
pump

mirror
excitation
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Figure 4. Schematic of AA-PSP calibration setup.

3.1. Signal Level

The luminescent signal, I, was determined by the integration of AA-PSP spectrum from 600 to
700 nm. Based on Liu et al., this can be described by the gain of the photo-detector in our
spectrometer, G, the emission from AA-PSP, IAAPSP, the excitation in the spectrometer, Iex, and
the measurement setup component, fset [28]:

I =GI AAPSP Iex f set (1)

In our calibration setup, G, Iex, and fset were the same for all AA-PSP samples. We non-
dimensionalized the luminescent signal by that of AAPSPref, IAAPSPref. All luminescent signals
were determined at the reference conditions. We call this value as the signal level, η, shown in
Equation (2):

η =
I

I AAPS Pref
(%) (2)
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3.2. Pressure sensitivity

Based on the Stern-Volmer relationship, the luminescent intensity, I, is related to a quencher
[29]:

I0
I =1 + Kq O2 (3)

Where I0 is the luminescent intensity without quencher and Kq is the Stern-Volmer quenching
constant. The quencher is oxygen, which is described by the oxygen concentration, [O2]. For
AA-PSP, [O2] can be described by the adsorption and surface diffusion of the adsorbed oxygen
on an anodized-aluminum surface. We can describe [O2] by the partial pressures of oxygen as
well as the static pressures. These are combined with Equation (3) to give the adsorption-
controlled model [27]:

Iref
I = A + B( p

pref
)γ (4)

Where A, B, and γ are calibration constants, respectively. Here, ref denotes our reference
conditions.

Pressure sensitivity, σ (%), describes the change in the luminescent signal over a given pressure
change. This corresponds to a slope of the Equation (4) at the reference conditions:

σ =
d (Iref / I )
d (p / pref ) |

p= pref
= B ⋅γ (%) (5)

3.3. Temperature dependency

AA-PSP, like PSP in general, has a temperature dependency [30]. This influences the lumi‐
nescent signal, which can be described as the third order polynomial in Equation (6):

I
Iref

=cT 0 + cT 1T + cT 2T
2 + cT 3T

3 (6)

Where cT0, cT1, cT2, and cT3 are calibration constants, respectively. We defined the temperature
dependency, δ, which is a slope of the temperature calibration at the reference conditions
(Equation (7)). If the absolute value of δ is large, it tells us that the change in luminescent signal
over a given temperature change is also large. This is unfavorable condition as a pressure
sensor. On the contrary, zero δ means that AA-PSP is not temperature dependent:

δ =
d (I / Iref )

dT |
T =T ref

=cT 1 + 2cT 2Tref + 3cT 3Tref
2 (% / °C) (7)
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Where I0 is the luminescent intensity without quencher and Kq is the Stern-Volmer quenching
constant. The quencher is oxygen, which is described by the oxygen concentration, [O2]. For
AA-PSP, [O2] can be described by the adsorption and surface diffusion of the adsorbed oxygen
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well as the static pressures. These are combined with Equation (3) to give the adsorption-
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change. This corresponds to a slope of the Equation (4) at the reference conditions:

σ =
d (Iref / I )
d (p / pref ) |

p= pref
= B ⋅γ (%) (5)

3.3. Temperature dependency

AA-PSP, like PSP in general, has a temperature dependency [30]. This influences the lumi‐
nescent signal, which can be described as the third order polynomial in Equation (6):

I
Iref

=cT 0 + cT 1T + cT 2T
2 + cT 3T

3 (6)

Where cT0, cT1, cT2, and cT3 are calibration constants, respectively. We defined the temperature
dependency, δ, which is a slope of the temperature calibration at the reference conditions
(Equation (7)). If the absolute value of δ is large, it tells us that the change in luminescent signal
over a given temperature change is also large. This is unfavorable condition as a pressure
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Overall, our δs showed negative (see Section 5.3). This means that δmin is the most temperature
dependent and δmax the least temperature dependent.

4. Unsteady-state characterization

A vertical shock tube for characterizing the response time is schematically shown in Figure. 5
(a). The length of the driver and driven sections are 1420 mm and 5530 mm, respectively. The
driven section has a square cross section of 100 mm × 100 mm, and a test section is installed at
the end of the driven section. The test gas was dry air and initially set at room conditions. When
the diaphragm between the driver and the driven sections is ruptured, a planar shock wave
propagates into the driven section. We set the driver pressure as 400 kPa that created a planar
shock wave with the Mach number of 1.30.

The schematic description of the test section is shown in Figure. 5 (b). An AA-PSP sample was
fixed on a flat plate placed on the bottom wall of the shock tube. The samples were illuminated
by a continuous 400 nm laser. A planar shock wave and its normal reflection created a step
change of pressure. A photomultiplier tube (PMT, Hamamatsu R7236) was used to detect the
intensity change of luminescence from the AA-PSP sample through a 605 ± 40 nm band-pass
filter. The output signal from the PMT was amplified by Hamamatsu C1053-03 through an
analog low-pass filter with a cutoff frequency of 1 MHz. The filtered signal was then digitized
to 12 bits and sampled on an A/D converter (Yokogawa, DL1540C) at a rate of 200 MHz [31].

A vertical shock tube for characterizing the response time is schematically shown in Figure. 5 (a). The length of the driver 
and driven sections are 1420 mm and 5530 mm, respectively. The driven section has a square cross section of 100 mm × 100 
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Figure 5. (a). Schematic description of shock tube. (b). Test section and optical setup of the shock tube. 
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Where min and max denote the minimum and maximum values of a step change, respectively. We used the 90 % rise of pnorm 
to determine the response time. 
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4.1. Response time

The luminescent signal was converted to a normalized pressure, pnorm to characterize the
response time, derived from Equation (8).

pnorm =
p − pmin

pmax− pmin
=

(Iref / I −A)1/γ − (Iref / Imin−A)1/γ

(Iref / Imax−A)1/γ − (Iref / Imin−A)1/γ (8)

Where min and max denote the minimum and maximum values of a step change, respectively.
We used the 90 % rise of pnorm to determine the response time.

5. Characterization results

Photographs of RuDPP solution were taken to qualitatively verify the solubility of RuDPP
(Figure 6). All solvents dissolved RuDPP except for the solvent with lowest polarity index
(hexane). Toluene, which was the second lowest solvent in our test, partially dissolved RuDPP.
Water, which gave the highest polarity index in our test, partially dissolved RuDPP, but it
dissolved RuDPP completely after about one day. Other solvents dissolved RuDPP as soon as
RuDPP particles were dropped to the solvents.

Figure 6. RuDPP dissolved in solvents with range of polarity index.

Figure 7 (a) and (b) show luminescent spectra of AAPSPref with varying pressures and
temperatures, respectively. Spectra were normalized by the luminescent peak at the reference
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Overall, our δs showed negative (see Section 5.3). This means that δmin is the most temperature
dependent and δmax the least temperature dependent.
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(a). The length of the driver and driven sections are 1420 mm and 5530 mm, respectively. The
driven section has a square cross section of 100 mm × 100 mm, and a test section is installed at
the end of the driven section. The test gas was dry air and initially set at room conditions. When
the diaphragm between the driver and the driven sections is ruptured, a planar shock wave
propagates into the driven section. We set the driver pressure as 400 kPa that created a planar
shock wave with the Mach number of 1.30.
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to determine the response time. 
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4.1. Response time

The luminescent signal was converted to a normalized pressure, pnorm to characterize the
response time, derived from Equation (8).

pnorm =
p − pmin

pmax− pmin
=

(Iref / I −A)1/γ − (Iref / Imin−A)1/γ

(Iref / Imax−A)1/γ − (Iref / Imin−A)1/γ (8)

Where min and max denote the minimum and maximum values of a step change, respectively.
We used the 90 % rise of pnorm to determine the response time.

5. Characterization results

Photographs of RuDPP solution were taken to qualitatively verify the solubility of RuDPP
(Figure 6). All solvents dissolved RuDPP except for the solvent with lowest polarity index
(hexane). Toluene, which was the second lowest solvent in our test, partially dissolved RuDPP.
Water, which gave the highest polarity index in our test, partially dissolved RuDPP, but it
dissolved RuDPP completely after about one day. Other solvents dissolved RuDPP as soon as
RuDPP particles were dropped to the solvents.

Figure 6. RuDPP dissolved in solvents with range of polarity index.

Figure 7 (a) and (b) show luminescent spectra of AAPSPref with varying pressures and
temperatures, respectively. Spectra were normalized by the luminescent peak at the reference
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conditions. We can see that, as increasing the pressure, the luminescent spectrum decreased

due to oxygen quenching [29]. As the temperature increases, we can see the spectrum de‐

creased due to the thermal quenching [29]. It was noticed that the luminescent peak was shifted
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index of 0.1 (hexane) showed very low RuDPP application on anodized aluminum, indicated by the signal level. Note that 
hexane did not dissolve RuDPP (Figure 6). AAPSPind02 from the polarity index of 2.4 (toluene) applied RuDPP well on 
anodized aluminum, which can be seen from the signal level. Here, toluene partially dissolved RuDPP. As increasing 
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Figure 7. (a). Pressure spectra of AAPSPref. Thick line shows the spectrum at reference conditions of 100 kPa and 25 °C.
(b). temperature spectra of AAPSPref. Thick line shows the spectrum at reference conditions of 100 kPa and 25 °C.
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from 650 to 635 nm by increasing the pressure from 5 to 120 kPa. For temperature spectra, the
peak was shifted from 640 to 645 nm by increasing the temperature from 10 to 50 °C. As
described in Section 3, we integrated an obtained spectrum from 600 to 700 nm to determine
as the luminescent intensity, I, for a given pressure and a temperature.

5.1. Luminescent signal

The signal level, η, was determined from Equation (2). Figure 8 (a) shows the signal level, η,
related to the polarity index, normalized by the signal of AAPSPref at 100 kPa. The η was shown
as a bar with the determined value. It is obvious that the luminophore application method of
dipping deposition greatly influenced the signal level. AAPSPind00 from the polarity index of
0.1 (hexane) showed very low RuDPP application on anodized aluminum, indicated by the
signal level. Note that hexane did not dissolve RuDPP (Figure 6). AAPSPind02 from the polarity
index of 2.4 (toluene) applied RuDPP well on anodized aluminum, which can be seen from
the signal level. Here, toluene partially dissolved RuDPP. As increasing polarity index, RuDPP
applied on anodized aluminum. However, the application suddenly dropped between
polarity index at 6.4 of N, N-dimethyl amide and at 7.2 of dimethyl sulfoxide. The application
brought back at the highest polarity index of 10.2 (water). The highest signal level of 1.89 was
obtained from AA-PSPind05. It can be said that a range of polarity index of solvent exists that
applies RuDPP. However, this range does not correspond to the range of dissolving RuDPP.

It is assumed that RuDPP remains as solution if it is dissolved well in a solvent. This assumption
can be supported that N, N-dimethyl amide and dimethyl sulfoxide did not apply RuDPP well
onto anodized aluminum. On the other hand, RuDPP applies onto anodized aluminum if it is
partially dissolved in a solvent. This can be supported that toluene and water applied RuDPP
onto anodized aluminum, even though these dissolved RuDPP partially. If a solvent did not
dissolve RuDPP, it would not be applied onto anodized aluminum. This can be seen from the
result of hexane.

As we increased the luminophore concentration from 0.001 mM to 0.1 mM, η increased (Figure
8 (b)). Note that the vertical axis in Figure 8 (b) was shown as log scale. The η was shown as a
bar with the determined value. Even though we increased the concentration more than 0.1
mM, η decreased roughly by a half. This may be due to the concentration quenching [29]. There
was an optimum concentration to maximize η. The maximum η was obtained from
AAPSP00.100, whose luminophore concentration was 0.1 mM.

There was a peak dipping duration to maximize η (Figure 8 (c)). Note that the vertical axis in
Figure 8 (c) was shown as log scale. The η was shown as a bar with the determined value. The
maximum η was obtained from AAPSP1000, whose dipping duration was 1,000 s. For a short
dipping duration, the luminophore would remain in the luminophore solution instead of
applying onto the anodized surface. Roughly, the difference of η was a factor of 8.5 by varying
the dipping duration. Even though we increased the dipping duration over 1,000 s, η de‐
creased. This may be due to the concentration quenching, influencing to the luminophore
application [29].
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Figure 7. (a). Pressure spectra of AAPSPref. Thick line shows the spectrum at reference conditions of 100 kPa and 25 °C.
(b). temperature spectra of AAPSPref. Thick line shows the spectrum at reference conditions of 100 kPa and 25 °C.
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from 650 to 635 nm by increasing the pressure from 5 to 120 kPa. For temperature spectra, the
peak was shifted from 640 to 645 nm by increasing the temperature from 10 to 50 °C. As
described in Section 3, we integrated an obtained spectrum from 600 to 700 nm to determine
as the luminescent intensity, I, for a given pressure and a temperature.

5.1. Luminescent signal

The signal level, η, was determined from Equation (2). Figure 8 (a) shows the signal level, η,
related to the polarity index, normalized by the signal of AAPSPref at 100 kPa. The η was shown
as a bar with the determined value. It is obvious that the luminophore application method of
dipping deposition greatly influenced the signal level. AAPSPind00 from the polarity index of
0.1 (hexane) showed very low RuDPP application on anodized aluminum, indicated by the
signal level. Note that hexane did not dissolve RuDPP (Figure 6). AAPSPind02 from the polarity
index of 2.4 (toluene) applied RuDPP well on anodized aluminum, which can be seen from
the signal level. Here, toluene partially dissolved RuDPP. As increasing polarity index, RuDPP
applied on anodized aluminum. However, the application suddenly dropped between
polarity index at 6.4 of N, N-dimethyl amide and at 7.2 of dimethyl sulfoxide. The application
brought back at the highest polarity index of 10.2 (water). The highest signal level of 1.89 was
obtained from AA-PSPind05. It can be said that a range of polarity index of solvent exists that
applies RuDPP. However, this range does not correspond to the range of dissolving RuDPP.

It is assumed that RuDPP remains as solution if it is dissolved well in a solvent. This assumption
can be supported that N, N-dimethyl amide and dimethyl sulfoxide did not apply RuDPP well
onto anodized aluminum. On the other hand, RuDPP applies onto anodized aluminum if it is
partially dissolved in a solvent. This can be supported that toluene and water applied RuDPP
onto anodized aluminum, even though these dissolved RuDPP partially. If a solvent did not
dissolve RuDPP, it would not be applied onto anodized aluminum. This can be seen from the
result of hexane.

As we increased the luminophore concentration from 0.001 mM to 0.1 mM, η increased (Figure
8 (b)). Note that the vertical axis in Figure 8 (b) was shown as log scale. The η was shown as a
bar with the determined value. Even though we increased the concentration more than 0.1
mM, η decreased roughly by a half. This may be due to the concentration quenching [29]. There
was an optimum concentration to maximize η. The maximum η was obtained from
AAPSP00.100, whose luminophore concentration was 0.1 mM.

There was a peak dipping duration to maximize η (Figure 8 (c)). Note that the vertical axis in
Figure 8 (c) was shown as log scale. The η was shown as a bar with the determined value. The
maximum η was obtained from AAPSP1000, whose dipping duration was 1,000 s. For a short
dipping duration, the luminophore would remain in the luminophore solution instead of
applying onto the anodized surface. Roughly, the difference of η was a factor of 8.5 by varying
the dipping duration. Even though we increased the dipping duration over 1,000 s, η de‐
creased. This may be due to the concentration quenching, influencing to the luminophore
application [29].
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Figure 8. (a). Signal level, , related to the polarity index. (b). Signal level, , related to the luminophore concentration. (c). Signal level, , 
related to the dipping duration 
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Figure 8. (a). Signal level, η, related to the polarity index. (b). Signal level, η, related to the luminophore concentration.
(c). Signal level, η, related to the dipping duration
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5.2. Pressure calibration

Figure 9 shows pressure calibrations related to the polarity index, fitted with the adsorption
controlled model in Equation (4). The reference was set at atmospheric conditions. The
relationship between the luminescent ratio, Iref/I, and the pressure ratio, p/pref, was non-linear
at low pressure region. We can see that the calibration was influenced by the solvent polarity.

The pressure sensitivity, σ, was shown as a bar with the determined value from Equation (5)
(Figure 9). The solvent polarity greatly influenced σ, even though the same luminophore was
applied onto the same anodized aluminum. The highest σ of 0.62 was obtained from AAPSPref.
This showed the peak sensitivity as varying the solvent polarity. Another peak was seen at the
polarity index of 10.2 (water).

Figure 9. Pressure calibration and pressure sensitivity, σ, related to the polarity of solvent.
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5.2. Pressure calibration

Figure 9 shows pressure calibrations related to the polarity index, fitted with the adsorption
controlled model in Equation (4). The reference was set at atmospheric conditions. The
relationship between the luminescent ratio, Iref/I, and the pressure ratio, p/pref, was non-linear
at low pressure region. We can see that the calibration was influenced by the solvent polarity.

The pressure sensitivity, σ, was shown as a bar with the determined value from Equation (5)
(Figure 9). The solvent polarity greatly influenced σ, even though the same luminophore was
applied onto the same anodized aluminum. The highest σ of 0.62 was obtained from AAPSPref.
This showed the peak sensitivity as varying the solvent polarity. Another peak was seen at the
polarity index of 10.2 (water).

Figure 9. Pressure calibration and pressure sensitivity, σ, related to the polarity of solvent.
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Figure 10 shows pressure calibrations related to the luminophore concentration, fitted with
the adsorption controlled model in Equation (4). We can see two groups in calibrations: the
luminophore concentration up to 0.1 mM and the concentration higher than 0.1 mM. The
former showed steeper calibrations than the latter. This tells us that the former group was more
pressure sensitive than the latter.

The pressure sensitivity, σ, was determined by using Equation (5). This value was listed in the
bar scale (Figure 10). AA-PSP with the luminophore concentration up to 0.1 mM showed σ
around 60%, while AA-PSP with higher concentration than 0.1 mM showed σ around 30%.
This tells us that even though the amount of luminophore over 0.1 mM was dissolved in the
dipping solution, σ did not increase. The decrease in σ may be due to the concentration
quenching [29].

Figure 10.Pressure calibration and pressure sensitivity, , related to the he luminophore concentration. 

Figure 11 shows the pressure calibrations related to the dipping duration. The value of  was determined from Equation (5). 
This value was shown as a bar scale in Figure 11. The maximum  of 65% and the minimum  of 52% were obtained from 
AAPSP100 and AAPSP1, respectively. Even though the fifth order difference in the dipping duration was provided, a minimal 
effect was seen on the pressure sensitivity. 
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Figure 11 shows the pressure calibrations related to the dipping duration. The value of σ was
determined from Equation (5). This value was shown as a bar scale in Figure 11. The maximum
σ of 65% and the minimum σ of 52% were obtained from AAPSP100 and AAPSP1, respectively.
Even though the fifth order difference in the dipping duration was provided, a minimal effect
was seen on the pressure sensitivity.

Figure 11.Pressure calibration and pressure sensitivity, , related to the dipping duration. 
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5.3. Temperature calibration

Figure 12 shows temperature calibrations related to the polarity index. Calibration plots were
fitted with the third order polynomial described in Equation (6). We can see a monotonic
decrease of the luminescent signal with increase of the temperature. The temperature depend‐
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Figure 11 shows the pressure calibrations related to the dipping duration. The value of σ was
determined from Equation (5). This value was shown as a bar scale in Figure 11. The maximum
σ of 65% and the minimum σ of 52% were obtained from AAPSP100 and AAPSP1, respectively.
Even though the fifth order difference in the dipping duration was provided, a minimal effect
was seen on the pressure sensitivity.
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5.3. Temperature calibration

Figure 12 shows temperature calibrations related to the polarity index. Calibration plots were
fitted with the third order polynomial described in Equation (6). We can see a monotonic
decrease of the luminescent signal with increase of the temperature. The temperature depend‐
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ency, δ, was determined from Equation (7), which was listed as a bar scale in Figure 12. The δ
showed a similar tendency to σ by varying the solvent polarity. This tells us that AA-PSP is
more temperature dependent if it is more pressure sensitive.

Figure 12.Temperature calibration and temperature dependency related to the polarity index. 
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Equation (6). The calibrations show a monotonic decrease in luminescent signal as the temperature increased. As the 
concentration decreases, the calibrations became steep. This tells us that the temperature dependency tends to increase as 
the luminophore concentration decreases. 
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Figure 12. Temperature calibration and temperature dependency related to the polarity index.

Figure 13 shows temperature calibrations related to the luminophore concentration. Calibra‐
tion plots were fitted with Equation (6). The calibrations show a monotonic decrease in
luminescent signal as the temperature increased. As the concentration decreases, the calibra‐
tions became steep. This tells us that the temperature dependency tends to increase as the
luminophore concentration decreases.
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The temperature dependency, δ, was determined from Equation (7), which was listed as a bar
scale in Figure 13. As we increased the luminophore concentration, δ decreased. Roughly, δ
became more than a half by setting the luminophore concentration from 0.001 to 10 mM.

Figure 13. Temperature calibration and temperature dependency related to the luminophore concentration. 

Figure 14 shows the temperature calibrations related to the dipping duration. The calibrations were fitted with Equation (6). 
The temperature calibrations showed the decrease in I with increase of the temperature. 

The value of  was determined from Equation (7), which was listed as a bar scale in Figure 14. With increase the dipping 
duration, we can see that  decreased until 100 s and increased over this dipping duration. The difference of  was roughly a 
factor of 2. Compared to the effect on the pressure sensitivity, the dipping duration showed a greater effect on the 
temperature dependency. 
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Figure 13. Temperature calibration and temperature dependency related to the luminophore concentration.

Figure 14 shows the temperature calibrations related to the dipping duration. The calibrations
were fitted with Equation (6). The temperature calibrations showed the decrease in I with
increase of the temperature.

The value of δ was determined from Equation (7), which was listed as a bar scale in Figure
14. With increase the dipping duration, we can see that δ decreased until 100 s and increased
over this dipping duration. The difference of δ was roughly a factor of 2. Compared to the
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ency, δ, was determined from Equation (7), which was listed as a bar scale in Figure 12. The δ
showed a similar tendency to σ by varying the solvent polarity. This tells us that AA-PSP is
more temperature dependent if it is more pressure sensitive.

Figure 12.Temperature calibration and temperature dependency related to the polarity index. 

Figure 13 shows temperature calibrations related to the luminophore concentration. Calibration plots were fitted with 
Equation (6). The calibrations show a monotonic decrease in luminescent signal as the temperature increased. As the 
concentration decreases, the calibrations became steep. This tells us that the temperature dependency tends to increase as 
the luminophore concentration decreases. 

The temperature dependency, , was determined from Equation (7), which was listed as a bar scale in Figure 13. As we 
increased the luminophore concentration,  decreased. Roughly,  became more than a half by setting the luminophore 
concentration from 0.001 to 10 mM. 
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Figure 12. Temperature calibration and temperature dependency related to the polarity index.

Figure 13 shows temperature calibrations related to the luminophore concentration. Calibra‐
tion plots were fitted with Equation (6). The calibrations show a monotonic decrease in
luminescent signal as the temperature increased. As the concentration decreases, the calibra‐
tions became steep. This tells us that the temperature dependency tends to increase as the
luminophore concentration decreases.
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The temperature dependency, δ, was determined from Equation (7), which was listed as a bar
scale in Figure 13. As we increased the luminophore concentration, δ decreased. Roughly, δ
became more than a half by setting the luminophore concentration from 0.001 to 10 mM.

Figure 13. Temperature calibration and temperature dependency related to the luminophore concentration. 

Figure 14 shows the temperature calibrations related to the dipping duration. The calibrations were fitted with Equation (6). 
The temperature calibrations showed the decrease in I with increase of the temperature. 

The value of  was determined from Equation (7), which was listed as a bar scale in Figure 14. With increase the dipping 
duration, we can see that  decreased until 100 s and increased over this dipping duration. The difference of  was roughly a 
factor of 2. Compared to the effect on the pressure sensitivity, the dipping duration showed a greater effect on the 
temperature dependency. 
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Figure 14 shows the temperature calibrations related to the dipping duration. The calibrations
were fitted with Equation (6). The temperature calibrations showed the decrease in I with
increase of the temperature.

The value of δ was determined from Equation (7), which was listed as a bar scale in Figure
14. With increase the dipping duration, we can see that δ decreased until 100 s and increased
over this dipping duration. The difference of δ was roughly a factor of 2. Compared to the
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effect on the pressure sensitivity, the dipping duration showed a greater effect on the temper‐
ature dependency.

Figure 14.Temperature calibration and temperature dependency related to the dipping duration. 

5.4. Response time 

A normalized step change of pressure, pnorm, was converted from luminescent signals through the Equation (8). Figure 15 
shows response time results of AA-PSPs. Because each shock tube measurement was done by a single measurement, 
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Figure 14. Temperature calibration and temperature dependency related to the dipping duration.

5.4. Response time

A normalized step change of pressure, pnorm, was converted from luminescent signals through
the Equation (8). Figure 15 shows response time results of AA-PSPs. Because each shock tube
measurement was done by a single measurement, electrical noise with high frequency content
still existed. This limited the response time characterization. The limited results were shown
from the solvent polarity: AAPSPind02, AAPSPind03, AAPSPind04, and AAPSPind05. These had
relatively high signal levels and pressure sensitivities to separate their luminescent signal
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changes from the electrical noise. Response times of AA-PSP were determined at the 90 % rise
of pnorm (Section 4.1). The results ranged from 30 to 40 µs. In our setup, the thickness of anodized
aluminum was 10 µm. This had ±10 % uncertainty from our instrument (Kett LZ-330). Kameda
et al. reported that response time of AA-PSP is proportional to the squared value of its
thickness, which corresponds to about ±20 % uncertainty in our measurement results [26].
Response time results were within this uncertainty, even though there were variations in step
response of AA-PSPs. Considering the thickness uncertainty, response times of AA-PSPs can
be said on the order of ten microseconds with the anodized-aluminum thickness of 10 µm.
Sakaue et al. reported that the response time of AA-PSP showed a minimal effect by the
luminophore selected [31]. This indicates that the response time of AA-PSP has smaller effect
on the luminophore application parameters than the effect on AA-PSP thickness.

FIG. 12. Hirotaka Sakaue
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Figure 15. Response time results related to the solvent polarity.

6. Discussion: AA-PSP characterizations related to Luminophore
Application Parameters

Table 2 lists the maximum and minimum values of AA-PSP characterizations: signal level,
pressure sensitivity, and temperature dependency. The signal level was greatly influenced by
varying the solvent polarity. The difference was a factor of 14.5. The second largest effect was
the dipping duration. The difference in the signal level was a factor of 8.4. The luminophore
concentration influenced the signal level for a factor of 3.6. Overall, the signal level was most
influenced by the luminophore-application parameters.

The pressure sensitivity was greatly influenced by the solvent polarity. The difference in the
sensitivity was a factor of 10.3. By varying the luminophore concentration, the difference was
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effect on the pressure sensitivity, the dipping duration showed a greater effect on the temper‐
ature dependency.

Figure 14.Temperature calibration and temperature dependency related to the dipping duration. 
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Figure 14. Temperature calibration and temperature dependency related to the dipping duration.

5.4. Response time

A normalized step change of pressure, pnorm, was converted from luminescent signals through
the Equation (8). Figure 15 shows response time results of AA-PSPs. Because each shock tube
measurement was done by a single measurement, electrical noise with high frequency content
still existed. This limited the response time characterization. The limited results were shown
from the solvent polarity: AAPSPind02, AAPSPind03, AAPSPind04, and AAPSPind05. These had
relatively high signal levels and pressure sensitivities to separate their luminescent signal
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changes from the electrical noise. Response times of AA-PSP were determined at the 90 % rise
of pnorm (Section 4.1). The results ranged from 30 to 40 µs. In our setup, the thickness of anodized
aluminum was 10 µm. This had ±10 % uncertainty from our instrument (Kett LZ-330). Kameda
et al. reported that response time of AA-PSP is proportional to the squared value of its
thickness, which corresponds to about ±20 % uncertainty in our measurement results [26].
Response time results were within this uncertainty, even though there were variations in step
response of AA-PSPs. Considering the thickness uncertainty, response times of AA-PSPs can
be said on the order of ten microseconds with the anodized-aluminum thickness of 10 µm.
Sakaue et al. reported that the response time of AA-PSP showed a minimal effect by the
luminophore selected [31]. This indicates that the response time of AA-PSP has smaller effect
on the luminophore application parameters than the effect on AA-PSP thickness.
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Figure 15. Response time results related to the solvent polarity.

6. Discussion: AA-PSP characterizations related to Luminophore
Application Parameters

Table 2 lists the maximum and minimum values of AA-PSP characterizations: signal level,
pressure sensitivity, and temperature dependency. The signal level was greatly influenced by
varying the solvent polarity. The difference was a factor of 14.5. The second largest effect was
the dipping duration. The difference in the signal level was a factor of 8.4. The luminophore
concentration influenced the signal level for a factor of 3.6. Overall, the signal level was most
influenced by the luminophore-application parameters.

The pressure sensitivity was greatly influenced by the solvent polarity. The difference in the
sensitivity was a factor of 10.3. By varying the luminophore concentration, the difference was
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a factor of 2. The difference was a factor of 1.2 by varying the dipping duration. Among the
dipping parameters, the pressure sensitivity was most influenced by the solvent polarity.

The temperature dependency was greatly influenced by the solvent polarity. The difference
was a factor of 8. The differences by the luminophore concentration and the dipping duration
were on the same order, which was a factor of 2. The temperature dependency was influenced
by the dipping parameters, but the change was not as large as that of the pressure sensitivity.
Overall, the solvent polarity influenced the most of the AA-PSP characterizations.

Solvent Polarity Luminophore Concentration Dipping Duration

max. min. max. min. max. min.

η (%) 189 13 100 27.5 167.1 20.1

σ (%) 62 6 62 31 65 52

δ (%/ºC) -0.2 -1.6 −0.6 −1.4 −1.1 −2.4

Table 2. The maximum and minimum AA-PSP characterizations.

7. Conclusions

The luminophore application method of dipping deposition was studied to provide the
relationship between this method and AA-PSP characterizations for fabricating an optimized
optical pressure sensor for unsteady aerodynamic applications. The characterizations were the
signal level, pressure sensitivity, temperature dependency, and response time. Three impor‐
tant parameters in the luminophore application method were studied: solvent polarity,
luminophore concentration, and dipping duration. It was found that the AA-PSP characteri‐
zations were related to one another. Therefore, an absolute optimization of the luminophore
application method was not obtained. However, the relationship among these characteriza‐
tions and the luminophore-application parameters were revealed, which were concluded as
follows.

The solvent polarity was the most influencing parameter. The signal level showed the widest
range from 13% to 189% compared to the signal level of the reference AA-PSP (100%). The
pressure sensitivity ranged from 6 to 62 %, and the temperature dependency from -0.2 to -1.6
%/°C. It was seen that the pressure-sensitive AA-PSP was also temperature sensitive. It was
shown qualitatively by photograph that the solubility was related to the solvent polarity. Well
luminophore-dissolved solvents did not show higher AA-PSP outputs. This may be that the
luminophore remained in the solvent and was not applied onto the anodized-aluminum
surface well.

The luminophore concentration and dipping duration greatly influenced to the signal level.
However, the influence to the pressure sensitivity and the temperature dependency was
relatively small. The difference was less than or equal to a factor of 2.
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The effect of AA-PSP response time due to the dipping deposition method was smaller than
the effect by the thickness uncertainty of AA-PSP. With the anodized-aluminum thickness of
10 µm, the response time characterization was within the thickness uncertainty. The response
time was on the order of ten microseconds.
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a factor of 2. The difference was a factor of 1.2 by varying the dipping duration. Among the
dipping parameters, the pressure sensitivity was most influenced by the solvent polarity.

The temperature dependency was greatly influenced by the solvent polarity. The difference
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The luminophore application method of dipping deposition was studied to provide the
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optical pressure sensor for unsteady aerodynamic applications. The characterizations were the
signal level, pressure sensitivity, temperature dependency, and response time. Three impor‐
tant parameters in the luminophore application method were studied: solvent polarity,
luminophore concentration, and dipping duration. It was found that the AA-PSP characteri‐
zations were related to one another. Therefore, an absolute optimization of the luminophore
application method was not obtained. However, the relationship among these characteriza‐
tions and the luminophore-application parameters were revealed, which were concluded as
follows.

The solvent polarity was the most influencing parameter. The signal level showed the widest
range from 13% to 189% compared to the signal level of the reference AA-PSP (100%). The
pressure sensitivity ranged from 6 to 62 %, and the temperature dependency from -0.2 to -1.6
%/°C. It was seen that the pressure-sensitive AA-PSP was also temperature sensitive. It was
shown qualitatively by photograph that the solubility was related to the solvent polarity. Well
luminophore-dissolved solvents did not show higher AA-PSP outputs. This may be that the
luminophore remained in the solvent and was not applied onto the anodized-aluminum
surface well.

The luminophore concentration and dipping duration greatly influenced to the signal level.
However, the influence to the pressure sensitivity and the temperature dependency was
relatively small. The difference was less than or equal to a factor of 2.
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The effect of AA-PSP response time due to the dipping deposition method was smaller than
the effect by the thickness uncertainty of AA-PSP. With the anodized-aluminum thickness of
10 µm, the response time characterization was within the thickness uncertainty. The response
time was on the order of ten microseconds.
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