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ABSTRACT
A novel line of integrated-optic-based chemical sensors was developed. The
sensors are based on modification of the optical cavity of a single-mode semiconductor
distributed Bragg reflector (DBR) laser. A sensitive layer changes its refractive index in
presence of a specific chemical, thus changing the effective refractive index of the section
and the optical length of the cavity. This results in laser frequency shift measured either
directly or by heterodyne detection using a reference laser as the second source. It is
shown that DBR-laser-based sensors can achieve in principle a much higher sensitivity
than passive sensors, such as Mach-Zehnder interferometers, due to the narrow Iinewidth
of DBR lasers.
The theory of DBR-laser-based sensors is described. It allows optimizing the
sensitive section length and field confinement in the sensitive layer for the lowest
detection limit. The optimum parameters depend on cavity losses and absorption of the
sensitive material. Numerical modeling shows a wide acceptable range of sensitive
section parameters for low-loss materials, while for higher-loss materials this range
becomes much narrower.
Narrow-linewidth DBR lasers are required for high sensitivity. In this respect, solgel waveguides with and without Bragg grating were incorporated in the DBR laser
scheme. Single-mode operation of DBR lasers with sol-gel waveguide gratings was
demonstrated for the first time, with 34-dB side mode suppression and a short-term
Iinewidth of 150 to 500 kHz. A 3-section configuration with sol-gel waveguides and fiber
grating showed 23-dB side mode suppression and a short-term Iinewidth of 600 kHz.
Chemical sensing was performed with fiber grating, sol-gel waveguide grating,
and 3-section DBR lasers. The first two types showed frequency shift of over 130 MHz in
the presence of acetone vapors, and reversibility within experimental errors. The 3section scheme showed significant dispersion of response and lack of reversibility due to
parasitic reflections and instability of the setup. The effect of reflections from facets on
performance of this design was examined and found to reduce the maximum sensitivity.
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I. INTRODUCTION.
1.1. RELEVANCE AND MOTIVATION.
In recent years, one of the major motivations for the advance of low-cost chemical
sensors is the increasing concem about water and air quality. An increased awareness of
chemical pollutants in the environment has resulted in the critical evaluation of air quality
in commercial, residential, and industrial environments (Engineering Indoor
Environments, 1994). Reports of multiple chemical sensitivity as a result of exposure to
common pollutants (Multiple Chemical Sensitivity; Special Report, 1991) have resulted
in federal legislative action. This included the establishment of the Division of Radiation
and Indoor Air within the Environmental Protection Agency's Office of Air and
Radiation.
Detection and identification of various liquids and gaseous species is required in
the areas of semiconductor manufacturing, process control and environmental
monitoring. In semiconductor manufacturing, real-time detection of low concentrations
of chemicals used for wafer cleaning is required for both high yield and pollution
prevention. In environmental monitoring, low-cost, reversible sensing elements are
important in such tasks as air and water quality and emission control. Therefore, there is
an increasing need for high sensitivity, compact, low-cost and real-time environmental
sensors.
A large number of techniques for contamination monitoring have been developed.
Of these, by far the most universal and sensitive is mass spectrometry. At the basic level,
mass spectrometry allows to determine the mass-to-charge ratio of atoms or molecules.
This is a vacuum-based technique that first requires the vaporization of a sample into the
vacuum chamber. The gas molecules are then ionized, and the ions are separated in the
mass analyzer according to their mass-to-charge ratio and sequentially detected. The
specialized laboratory instruments are the most sensitive analytical tools capable of
detecting as little as 10"'® mole of material (Bryden W.A. et al., 1995), with relative
sensitivity of less than one part per trillion (Takao Y. and Kanda Y., 1996). This high
sensitivity, together with the possibility of detecting many contaminants in a single test.

15
are the major advantages of mass spectroscopy. For the same reason, high-resolution
mass spectrometers are usually stationary devices. Apart from stationary setups, mobile
devices with static magnets (low power consumption but also lower resolution) for field
analysis are being developed. A recently created portable mass spectrometer for field
analysis (with resolution 10"^ - 10'^ and mass resolution 1/100) weighs 20 kg and
consumes 15W of power (Kogan V.T. et al., 1995). However, these mass spectrometers
are not real-time devices, as they require placing the samples in a vacuum chamber.
Many of the existing optical techniques, including Fourier transform infrared
(FTIR) spectroscopy, depend on locating bulky equipment on the monitoring sites, even
though FTIR allows analysis of very small volumes. A further step towards
miniaturization and cost reduction, dating back to the early 1970s, involves the use of
optical fibers - first for light delivery to the sample (Degrelle H. el al., 1975), then for
actual sensing (Peterson J.I. and Goldstein S.R., 1977). Fiber sensing was typically based
on the differential absorption - change of light intensity within the absorption band
introduced by the chemical in question relative to the light intensity outside that band,
which experienced no changes. It required a source of light (usually emitting light at least
at two wavelengths), a detector, and usually a sensitive coating deposited on the fiber
core. Next, integrated optical structures with planar waveguides were used in the similar
way. These allowed a significant extension of registration methods, primarily the
possibility of manufacturing on-chip interferometers and thus making the detection
schemes less critical to the light source parameters.
Advancement of integrated-optic-based sensors is promoted by several important
developments. Firstly, semiconductor lasers have become by far the most widespread
single-wavelength light sources, with prices starting below ten dollars. Along with low
cost, the semiconductor laser technology provides significant tiexibility in laser structure
and parameters, making possible laser incorporation in miniature devices, as well as
production of lasers with special properties. A notable improvement in semiconductor
laser design is the incorporation of wavelength selective resonance elements (Bragg
gratings) into the laser cavity. Use of quantum-well, especially multiple-quantum-well
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(MQW) gain layer, and regrowth technology for on-chip grating manufacturing has also
significantly enhanced the performance of semiconductor lasers. Distributed feedback
(DFB) and distributed Bragg reflector (DBR) lasers demonsU-ate single-mode operation
and narrow linewidth - down to the kilohertz range (Okai M. et al., 1993; Kunii T. et al.,
1991; Smith G.M. et al., 1996). The latter group is particularly attractive due to design
flexibility, since the Bragg gratings may be formed outside the semiconductor chip (to
produce an external-cavity laser) as well as on-chip. In addition, simple methods of
tunability within sufficiently large wavelength range have been demonstrated for both
DBR and Fabry-Perot type semiconductor lasers (Kotaki Y. and Ishikawa H., 1989;
Jayaraman V. et al., 1993; Sidorin Y. and Howe D., 1997, 1998). This has promoted the
development of optical sensors based on resonance elements (Bragg grating and/or
couplers) probed by tunable DBR lasers to detect changes introduced by the chemical in
question (Asseh A. et al., 1996).
In the last 10 years, the integrated optic technology has been developing rapidly in
terms of structure, materials and technologies. Integrated optic structures are being
manufactured with better accuracy and reproducibility, the manufacturing process itself
(in terms of both products and tools) becoming more accessible. Novel optical materials
based on organic and inorganic components are being developed, including those with
"user-defined" properties. One of the very attractive families of materials is organicinorganic compounds (sol-gels) whose properties may be varied towards greater (or more
selective) response to environmental factors of interest, as well as the necessary
combination of optical characteristics. Low-loss sol-gel waveguides have recently been
produced and incorporated into functional integrated optic devices (Li C.-Y. et al., 1995;
Schmidt H.K., 1997; Fardad M.A. et al., 1998; Fardad M.A. and Fallahi M., 1998).
A promising way of cost reduction and improvement of operational characteristics
of chemical sensors is integration of their optical components. Such an integrated sensor
based on lasing frequency change of a DBR laser under the action of a chemical in
question has recently been proposed (Ten S. et al., 1996). By incorporating a sensitive
element into the laser cavity, the operating parameters of the DBR laser are made
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dependent on the presence (or concentration) of the chemical. This approach allows
improvement of the sensor resolution due to the narrow linewidth of DBR lasers (as
compared to the passive sensitive elements used in preceding sensors). In addition, this
level of integration promises small size and reduced cost, as well as the possibility of
creating a sensor array on standardized components. Development of integrated optic
media with customized properties makes possible the technology adaptation for a
multitude of tasks, including selective sensitivity to different types and concentrations of
chemicals. Recently, this approach has been further developed in terms of both
theoretical analysis and experimental verification (Hennig O. el al., 1998; Beregovski Y.
et al., 1998; Lindvold L.R. and Lading L., 1998).
The work presented here is focused on the proof of concept of the DBR-laserbased chemical sensing and development of DBR laser techniques for sensing purposes.
The increased sensitivity of miniature optical sensors, together with greater fle.xibility of
parameters, can make these sensors comparable to the compact mass spectrometers in
terms of both sensitivity and versatility, while providing a low-cost, real-time data
module. The work reports on the development of narrow-linewidth, single-mode DBR
lasers with sol-gel waveguides as a sensing platform. This is a step towards development
of multipurpose sensor arrays, as well as performance improvement in terms of both laser
parameters and sensor response via customization of optical parameters of the passive
section.
Apart from making a new step in optical sensing, the development of sol-gelbased DBR lasers promises to be of great importance for other applications of miniature
optics, such as optical communication. Demonstration of single-mode lasing with
linewidth comparable with, or narrower than, commercial tunable semiconductor lasers
means suitability for wavelength-critical applications such as WDM techniques, laser
spectroscopy, and a variety of test and measurement procedures.

1.2. SCOPE OF RESEARCH.
The objectives of this research are as follows:
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•

Develop the theory of DBR-laser-based sensors, including optimization of laser
scheme and evaluation of sensor performance;

•

Develop the external cavity DBR lasers for sensing and demonstrate DBR-laserbased sensing concept using commercially available fiber Bragg gratings;

•

Develop and characterize the extemal-cavity DBR lasers incorporating organicinorganic (sol-gel) optical waveguides and use them to demonstrate chemical
sensing.
Chapter 2 begins with a review of semiconductor DBR lasers (on-chip and

external cavity) with emphasis on the features that affect the chemical sensing response.
The body of this chapter presents the concept and different layouts of DBR-laser-based
sensor. It includes a theoretical analysis of the sensor structure and performance,
including optimization of sensitive section parameters for best overall sensitivity. The
comparison of DBR-laser-based sensors with popular passive sensors (Mach-Zehnder
interferometers) is provided.
Chapter 3 presents the mathematical model used for DBR-laser-based sensor
performance evaluation. It describes the theoretical concepts and algorithms used for
modeling of sensitive element response, cavity characteristics (such as coupling
efficiency), and DBR laser as a whole. The results presented in this chapter include
performance as a function of sensitive element characteristics, layer structure, and cavity
geometry.
Chapter 4 contains the experimental results of laser setup development and
chemical sensing experiments. It includes the results of proof-of-concept experiments in
chemical sensing utilizing an external cavity DBR laser with fiber Bragg grating. Next,
the two schemes of DBR laser with sol-gel waveguides are presented, with the Bragg
grating incorporated in the sol-gel waveguide used for sensing, or fiber grating coupled to
the sensing waveguide. Performance of both schemes is characterized and examined. The
results of chemical detection experiments are presented for both laser types.
Chapter 5 presents concluding remarks regarding the DBR-laser-based sensing
techniques and novel sensing platform.
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1.3. PASSIVE OPTICAL SENSORS AND MASS SPECTROMETRY.
1.3.1. Mass spectrometry.
Mobile mass spectrometers most suitable for practical chemical sensing are often
made as time-of-flight devices (Fig. 1.1). Ions are formed in a short source region. A
voltage V is applied to the backing plate, imposing the electric field E across the source
region. The electric field accelerates all ions to the same energy. The time of flight /,
measured at the detector, is given approximately by

(1.1)

where ni is the mass of the molecule, Z't is the charge of the ion, s and D are the
respective section lengths.
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Fig. 1.1. Scheme of a simple time-of-flight mass spectrometer.

The advantages of mass spectrometry are its high sensitivity (which allows to
detect trace amounts of chemicals) and the possibility of detection of many components
in a single measurement (such as multicontaminant monitoring). On the other hand, mass
spectrometers are not real-time devices, as they require placing samples in a vacuum
chamber. For the same reason, high-resolution mass spectrometers are usually stationary
devices.

1.3.2. Fourier transform infrared spectroscopy.
Fourier transform infrared (FTIR) spectroscopy is a method of determining
spectral characteristics of a light source from a Michelson interferogram (Fig. 1.2). A
Michelson interferometer used in this method has one moving mirror whose position is
changed with high accuracy. The mirror is moved so as to scan a certain range of path
differences, while optical flux in the center of the interferogram is recorded.
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Fig. 1.2. Optical diagram of a Michelson interferometer used in FTIR spectrometry.

In the simplest case of equal mirror reflectivities, the spectral intensity B(k) is
related to the optical flux 7(5) as follows (Bell R.J., 1972):

CO

.

B { k ) = {const) j [ I { S ) ' - I i O ) ] Q x p i - i k S ) d S

(1.2)

Here k is the wave number equal to 2n/X; 6 is the path difference.
The ultimate performance of any infrared spectrometer is determined by its signal
to noise ratio (SNR). For a given sample and set of conditions, an insUiunent with a
higher SNR will allow the absorption to be measured with higher accuracy. In this aspect,
there are two major advantages of FTIR spectrometers before classical dispersive
instruments (Smith B.C., 1996). The first is called the throughput (or Jacquinot)
advantage. It is based on the fact that all the radiation in the FTIR spectrometer passes
through the sample and reaches the detector at once. Thus, the detector sees the
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maximum amount of light (modulated due to the scanning) at all points. The second
advantage of FTIR is called the multiplex (or Fellgett) advantage. It means that in an
FTIR spectrometer all the wave numbers of light are detected at once, while in dispersive
instruments only a small range of wave numbers at a time is measured. The noise at a
specific wave number is proportional to the square root of the time spent observing that
wave number, therefore the SNR is also proportional to the square root of that time.
The resolving power of two-beam interferometers is limited by the arm
displacement of the instrument. Thus, a theoretical comparison of resolving power of
dispersive instruments and interferometers shows the advantage of the latter (Table 1.1).

Instrument

Number of resolved lines or
beams

Prism

00

Grating

N - number of grooves
(<10'-10^)

Resolving power
a — { a - base
dX
length)
Nm {m - diffraction
order)

(R \-R
mirror reflectance)
FTIR (Michelson interferometer)
2
UX (L - maximum
path difference)
Table 1.1. Comparison of spectral sorting techniques and resolving power of different
instruments (adapted from Bell R.J., 1972).
Fabry-Perot interferometer

m - order (<10"*-10^)

mn

The added limitation of the FTIR is related to the scanning procedure, namely to
the fact that the number of data points in the spectrum cannot generally be greater than
the number of data points in the original interferogram. Thus, FTIR spectroscopy is most
suitable for resolving the structure of a separate absorption band or detecting a chemical
producing this absorption band. This limitation is essential because FTIR is relying on the
analysis of interferograms taken over relatively long time intervals. While producing a
higher SNR, this also increases the sensitivity to any changes in the background radiation
and other environmental parameters, which result in spectral artifacts. Apart from the
instability of light source, the most common sources of errors are water vapor and carbon
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dioxide absorption peaks. The best approach is to use FTIR in conjunction with other
molecular spectroscopy techniques (e.g. Weaver A.J. et al, 1992).
The FTIR spectroscopy has been adapted for analysis of very small samples
through the use of FTIR microscopes (Messerchmidt R. and Harthcock M., 1988) and
through the combination with gas chromatography (Amenta D.S. et al., 1996). It has also
been successfully combined with fiber evanescent wave spectroscopy, particularly with
advent of fibers operating in the mid-IR region (Namkung J.S. et al., 1994; Afanasyeva
N.I. et al., 1997). FTIR spectrometry has also been used in conjunction with waveguide
sensors (King D.E. and Webb J.D., 1996).
Though easily combined with miniature (including fiber) optics, FTIR
spectroscopy requires "classical-size" optical equipment, including a Michelson
interferometer and high-precision mirror positioning system. Therefore, there is a limit to
price and size reduction of FTIR spectroscopy systems. Since in most cases the chemicals
to be detected are specified in advance (which is also necessary for FTIR spectroscopy), a
more cost-effective approach to optical monitoring seems to be an array of miniature
specialized sensors.

1.3.3. Fiber- and waveguide-based sensors.
Fiber-optic chemical sensors have been used extensively for industrial and
environmental applications (Burck J. et al., 1992; Angel S.M., 1987; Zeitz R.W., 1988).
The first use of optical fibers in sensing as light guides transmitting spectroscopic
information from a remote sample or cell to an optical spectrometer. This simple method
may present problems due to contamination of optical windows. A second method is
based on immobilization of a dye or an analyte-specific fluorescent indicator on the distal
tip of the fiber. Such systems - also called optodes - frequently suffer from mechanical
problems, long response times, and irreversibility.
An attractive way of utilizing the guided-wave properties in sensing is to make
optical waveguide characteristics sensitive to the environmental, particularly chemical.
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effects. The two most popular types of the sensors using this approach are evanescent
wave absorption sensors and Mach-Zehnder interferometers.
Evanescent wave absorption sensors (Fig. 1.3) use a waveguide or unclad fiber
immersed into the medium in question. Part of the guided wave is present outside the
fiber core or guiding layer of the waveguide. The electric field of the guided
electromagnetic wave decays exponentially in the transverse direction, and this
evanescent wave interacts with the medium (Fig. 1.4, a) or with a sensitive layer
deposited on the fiber core or waveguide (Fig. 1.4, b). The penetration of the evanescent
wave of the guided light into the absorbing medium leads to a partial absorption of
optical power passing tlirough the guide. This results in the reduced power at the output
of the fiber or waveguide. If the fiber is immersed in a medium containing a chemical to
be detected, the guided light is attenuated at a specific wavelength. The attenuation is
linearly proportional to the absorption coefficient of the medium, field confinement in the
medium (outside the guided layer), and the length of the immersed fiber or waveguide.
An alternative approach is to deposit a sensitive layer on the fiber core or waveguide and
register the change in absorption spectrum of this layer in the presence of a chemical in
question. This approach provides a better control and accuracy than direct measurements
of absorption in a medium, since the sensitive layer may be chosen to have good optical
quality and change absorption only in response to a specific chemical.

Beamsplitter

Fiber or waveguide

Detector 1

Light
source
Medium in
question
Detector 2

Processor

Fig. 1.3. Simplified scheme of the evanescent wave absorption sensor.
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In order to discriminate different components of the medium, tunable lasers
(especially laser diodes) are often used as light sources for evanescent wave absorption
(Krska R. et ai, 1993). Such sensors have the detection limit (depending on the measured
chemicals) better than 1 ppm, with response times as short as 100 ms. They are largely
used for pH measurements and detection of single types of chemicals (Egami C., Takeda
K. et al., 1996; Maher M.H. and Shahriari M.R., 1993).
The modal loss for the light propagating through the fiber or waveguide with a
lossy layer in the evanescent-wave region may be described by the following equation:

a(A) = a^(/l)-r,

(1.3),
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where a(A,) and ai(X) are modal loss and bulk material loss for the sensitive layer at the
given wavelength, respectively;

is power confinement in the sensitive layer determined

by:

\\E{z)fdz
r.

(1.4)
\\E{z)fdz

Here z is the vertical coordinate, ( s ) means integration over the sensitive layer
thickness, £(z) is the transverse electric field distribution (see Fig. 1.4).
It is important to point out that the field confinement F^ is also wavelengthdependent, therefore the most desirable sensor response (for use in differential absorption
measurements) is the change of absorption in a narrow band. In this case, two light
sources (or two filters) with close wavelength can be used, so that one of these
wavelengths lies within the absorption band, while the other provides a reference signal.
(In the case of wide absorption band or large separation between wavelengths, changes in
field confinement and other wavelength-dependent system parameters have to be
included in calculations.) Typically, the absorption inside the band (whether in the
medium or sensitive layer) is proportional to the concentration of a chemical in question
within a certain range of concenu-ations. If the length of the fiber or waveguide sensitive
region is L, the difference in attenuation for wavelengths within and outside the
absorption band is (assuming uniform chemical concentration along the sensitive region);

AM = £CLr^,

(1.5)

where s is the bulk absorptivity of the chemical in question in the given environment; C
is the concentration of a chemical. Therefore, a sufficient difference in attenuation may
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be achieved by increasing the length of the sensitive section. In reality, the detection
limits are determined by the signal to noise ratio (which imposes the limit on maximum
attenuation) and design considerations. In addition to high sensitivity, fast response times
are typically required, which imposes a limit on the thickness of sensitive coating. In the
case when absorption in the medium is measured directly, the sensor response is real
time, which allows to use such sensors for chemical reaction rate studies. The system
response time is usually determined by that of the detection scheme (Radhakrishnan P. et
al., 1993).
An extension of this method is optical time domain reflectometry (OTDR) in
which a light pulse is transmitted down a fiber and the backscattered light provides a
return echo signal (Kvasnik F. and McGrath A.D., 1989; Dakin J.P., 1991). This method
(also referred to as distributed sensing) is an extension of lidar concept into fiber optics
and relates to signal processing in terms of time dependence. It is indicative that one of
the most successful applications of this method is water and pH detection using swellable
polymer (hydrogel). In the presence of water, the polymer swells and exerts a
microbending force on the fiber, so that the attenuation increase is proportional to the
force (Michie W.C. et a!., 1995).
Another popular technique is based on interferometric waveguides, usually
designed as Mach-Zehnder interferometers (Fig. 1.5). One arm of the interferometer is
coated with a layer that changes its refractive index in presence of the chemical in
question (Liu Y. et al., 1992; Luff B.J. et al., 1998).
b)

a)
Sensitive
Waveguide

Waveguide

Sensitive

3-guide
coupler

Fig. 1.5. Mach-Zehnder device configurations: a) with single output; b) with three
phase-shified outputs.
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Mach-Zehnder devices generally show high sensitivity, are straightforward to
design and fabricate, and can be very tolerant to manufacturing error. However, good
response to small phase changes requires operation in a sensitive region of the response
curve. Strategies for defining sensitive operating points in a simple device (Fig. 1.5, a)
include wavelength tuning or electrooptic tuning in one of the arms. Another approach
(Fig. 1.5, b) uses an added 3-waveguide coupler at the output. The output interference
patterns are phase shifted with respect to one another by a nominal 2:1/3 rads. Thus, at
least one output of the three always operates in the sensitive region. Another advantage of
this scheme is that fluctuations and drift of the input beam can be accounted for by the
sum of the three outputs, thus increasing the signal to noise ratio. The sensitivity
demonstrated by Mach-Zehnder interferometer is on the order of picograms/mm^ surface
mass coverage (Luff B.J. et ai, 1998).
The minimum detectable refractive index change of the sensitive layer in a MachZehnder interferometer can be formulated as:

An. =

AS

(1.6),

^•tr

where 5 and X are the minimum detectable phase shift and light wavelength, respectively;
hiz is the length of the sensitive section which may be made close to the length of the
interferometer; w^y^is the effective index of the waveguide;

is the bulk refractive index

of the sensitive pad.
According to (Luff B.J. et al, 1998; Dakin J. and Culshaw B., 1997), phase shifts
as low as 6=(l-2)xl0"^ radian can be measured. Thus, the sensitivity of Mach-Zehnder
interferometer may be increased by increasing dntj^/dris (in addition to the obvious way of
increasing the length of interferometer). This value depends on the waveguide structure
and may be evaluated as (Beregovski Y. et al, 1998):
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'ff

3i.

where

(1.7)
'"ff

is the field confinement factor for the sensitive layer determined by equation

1.4. Similar formulas were obtained from perturbation theory (Snyder A.W. and Love
J.D., 1983; Parriaux O., 1998). A more detailed analysis of the effect of field confinement
will be given below.
As an alternative, Zeeman interferometers using the same optical path and
different polarization (Grace K.M. et aL, 1997), have been used for thin-film sensors. In
this approach (as well as in Mach-Zehnder interferometry), the primary response to the
chemical is the refractive index change producing either phase shift or beam deviation.
Use of the same optical path promises better stability and more compact layout of the
sensitive element, which makes it potentially attractive for use in sensor arrays. The
demonstrated sensitivity of this type of device (used for measurements of toluene
concentration in the air) was on the order of low parts per million (ppm). The second type
of device (used for surface sensing) has demonstrated the sensitivity comparable to that
of Mach-Zehnder interferometers.
A separate group of optical sensors uses resonance elements whose peak
wavelength depends on the refractive index of the environment or sensitive coaling. Such
sensors are based on fiber Bragg gratings (Asseh A. et al., 1996-1998) and chirpedgrating couplers (Diibendorfer J. and Kunz R.E., 1998). In these approaches, the change
of refractive index causes the detuning of the resonance element from the original
wavelength, which is detected by probing this element with a tunable laser emission. The
result of refractive index change may be either change of reflectance / coupling efficiency
or the deflection of the light beam. The sensitivity of these methods depends on the signal
processing scheme but is typically determined by the bandwidth of the resonance
element.
It is worth noting that, though greater power confinement means greater
sensitivity, optical sensors seldom use the sensitive material in the fiber core or guiding
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layer of a ridge waveguide. Materials with the most suitable optical parameters do not
exhibit the best (or most selective) response to chemicals, and vice versa. In addition, the
action of chemicals is usually confined to a thin surface layer. Therefore, practically all
sensor schemes are technically "evanescent wave" sensors, whether they measure the
changes of the real or imaginary part of the refractive index. On the other hand, either
configuration may use a sensitive layer with refractive index higher than that of the core,
so that the field distribution in this layer does not follow the exponential or hyperbolicsine decay curve. As long as the sensitive layer thickness is much smaller than that of the
original guiding layer or core, this leads only to the quantitative changes in sensitivity.
Currently, the general term "evanescent wave sensor" is typically applied to the devices
detecting the change in absorption rather than phase shift. In some cases, more specific
terms "evanescent wave absorption" or "evanescent wave spectroscopy" are used.
The sensitivity of both major types of sensors is proportional to the field
confinement factor in the sensitive layer (or the medium in question if its absorption is
measured directly). Thus, fiber or waveguide optimization of these two types of sensors
may use similar algorithms and leads to similar structures (except for the factor of njrjeff
appearing in the case of interferometric sensors). The two major cases for which such
optimization has to be done are volume (or homogeneous) and surface sensing (see Fig.
1.4). The volume sensing (Fig. 1.4, a) is suitable for gases or transparent solutions where
the chemical itself introduces a measurable change of real or imaginary part of the
refractive index. Surface sensing (Fig. 1.4, b) is typical for biological applications where
macromolecules are bound to the surface forming a very thin layer (sometimes a
monolayer). The substance in question becomes bound or adsorbed to this ultrathin layer,
changing its optical properties. Industrial sensors may utilize sensitive layers of different
thickness, thus the best approximation has to be chosen on a case-by-case basis.
Conditions for optimum sensitivity in these two cases (Parriaux O., 1998) depend
on the polarization of propagating light. For TE polarization (typical for schemes using
semiconductor lasers as sources), maximum sensitivity in the case of volume sensing is
observed near the fundamental mode cutoff. Thus, maximum sensitivity may be obtained
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by weak guidance waveguides. For TM polarization, the region of maximum sensitivity
in volume sensing case is far from cutoff. In the most practicable layouts, the TMo mode
is always more sensitive than the TEo mode.
For surface sensing, the maximum sensitivity for both polarizations corresponds
to the symmetric waveguide case. The mathematical analysis shows that the TM mode
sensitivity is higher if «i</72, i.e. if the refractive index of the sensitive film is greater than
that of superstrate. Otherwise the TE mode sensitivity may be higher, especially if rts and
differ substantially.
An alternative to absorption or phase measurement is provided techniques where
the evanescent wave is used to excite other optical effects in the environment or sensitive
layer, so that the parameters of these effects depend on the concentration of a certain
chemical. This group of methods includes fluorescence (Vickers G.H. et ciL, 1987; Brown
R.S. et ai, 1994) and Raman (Vess T.M. and Angel S.M., 1992; Dao N.Q. and Jouan M.,
1993; Bilodeau T.G. et al., 1994) spectroscopy. The simplest types of fluorescence
sensors are fluorometers working at two or more different wavelengths (Thompson R.B.,
1991; Hauser P.C. and Tan S.S.S., 1993). Measuring the intensity ratio at two
wavelengths is commonly used where the peak wavelength of luminescence depends on
the concentration of the chemical. The ratio of luminescence intensity in the absence and
in the presence of the chemical in question can give a linear response function (He X. and
Rechnitz G.A., 1995; Charles P.T. etal., 1997).
A more reliable method is based on lifetime measurements. This method is selfreferencing, as the decay time is independent of the fluorophore concentration, and
source/detector variations have almost no influence. Both time-domain (Bright F.V. et
ciL, 1986; Papkovsky D.B. et ai, 1993) and frequency-domain (Vo-Dinh T. et ai, 1990;
Szmacinski H. and Lakowicz J.R., 1993) techniques are successfully used.
Apart from the cases where optical fiber is used solely for light delivery to and
from the sample, these methods rely on excitation of the above-mentioned effects by the
evanescent wave. Therefore, as long as there is a predictable relationship between the
power of exciting and fluorescent (or scattered Raman) light, the design of these types of

32
sensors is described in practically the same terms as the interferometers and evanescent
wave absorption schemes. In most practical cases, the power of fluorescent or Raman
scattered light is proportional to the power of exciting light, which further simplifies the
analysis.

1.3.4. State-of-the-art sensors based on surface effects.
The major types of miniature sensors based on surface effects are acoustic wave
sensors, surface plasmon sensors, and Sandia robust sensors based on catalytic metal field
effect transistors. Acoustic wave sensors (e.g. White R.M., 1998) are largely constructed
as mass sensors, where adsorption of a chemical in question on the surface of a quartz
oscillator changes its resonance frequency. Portable instruments employing surface
acoustic wave sensors have been built for detection of airborne olefins at low- and subppm concentrations (Guo Z.Z. and Zellers E.T., 1995). Monolithically integrated surface
acoustic wave sensors have recently been demonstrated (Lubking G.W. et al., 1998). A
possible way of sensitivity enhancement being developed at the Sandia National Labs
involves use of nanoporous surface coatings (Frye G.C. et al., 1997; Hughes R.C. et al.,
1997). The typical measurement intervals are on the order of 10 seconds. The major
drawbacks of this type of sensors are significant temperature dependence (Jakubik W.
and Urbanczyk M., 1996) and possible influence of surface contaminants other than the
chemical in question, which also produces the acoustic frequency shift.
Surface plasmon techniques are an extension of evanescent wave spectroscopy.
The difference from evanescent wave sensors described above is that the waveguide or
fiber core is covered with a thin metal film. Surface plasmon resonance (SPR) occurs at
the dielectric-metal interface when light that is totally reflected within an underlying
dielectric induces a collective oscillation in the free-electron plasma at the metal film
boundary. This produces a large change in reflection coefficient and occurs at a certain
critical incident angle 0sp at which the momentum of the photons in the film plane Kx
matches that of the surface plasmons Ksp :
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Here co is the frequency of light; Ss, Em and Ep are, respectively, dielectric
constants of sensitive layer, metal and prism used for light injection. The critical angle
can be measured with a typical resolution of about 10"^ degrees (Boisde G. and Harmer
A., 1996). The miniature SPR sensors can detect the refractive index change of the
sensitive layer around 10"^ (Slavik R. et al., 1997 & 1998; Melendez J. et al., 1997).
More sophisticated schemes (for example, based on acoustooptical tuning) allow to detect
the refractive index change around 10"^ (Jory M.J. et al., 1995). Heterodyne phase
detection combined with SPR technique allows further sensitivity improvement to 5x10"^
(Nelson S.G. et al., 1996). In one of the most popular applications - NO* detection - this
produces the detection limit of 0.01 ppm. In other applications, such as immunosensors,
the detection limits of 10"^ g/ml have been demonstrated (Toyama S. etal., 1998).
Another novel design of miniature sensors (based on the Sandia Robust Sensor
platform) involves field effect transistors with catalytic gate (Hughes R.C. et al., 1994 &
1995) These sensors have shown a low- or sub-ppm sensitivity to gaseous impurities like
NOx and hydrogen. As in other types of surface effect sensors, their sensitivity is largely
determined by the properties of sensitive surface layer, which reacts to a given chemical.
An extended range of measurable concentrations has been obtained by combining highsensitivity catalytic gate field effect transistors with low-sensitivity chemiresistors of the
same material. In general, all listed types of sensors have the similar range of sensitivity
for the most popular applications, while some substances (especially macromolecular
compounds) are best detected by one particular device type. Therefore, the choice of
sensor type and design is determined by a specific application and types of chemicals to
be detected.
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2. OPTICAL SENSOR CONCEPT.
Passive optical sensors described in Chapter I have the resolution limited by the
accuracy of intensity measurements (for absorption or luminescence measurements) or
their size and minimum detectable phase shift (in the case of phase sensing). The former
limitation is also valid for the FTIR spectroscopy, whether it is used in standard
configuration or combined with fiber-optic sensitive elements. In the case of
interferometric phase sensing, the detection limits are similar to those listed for
"classical" interferometers in Table 1.1. Fiber- and waveguide-based passive sensors can
be convenient for practical purposes due to their low cost and small size. However, both
these parameters are affected by the necessity of a light source and coupling optics. The
same is true for other types of miniature sensors using passive resonant elements, such as
grating-based sensors described in Chapter 1, since the resolution of grating devices is
typically proportional to the effective number of lines in the grating.
Further improvement of operational characteristics, as well as cost reduction, of
fiber- and waveguide-based phase sensors is possible by incorporating these sensors into
the laser cavity. Firstly, the laser linewidth is much narrower than that of any passive
element of comparable size, which makes possible a proportional increase of sensitivity.
Secondly, integration of the sensitive element into the laser cavity allows reducing the
size and cost of the sensor, thus making it suitable for a wider range of applications.
Lastly, the current state of integrated optics allows producing sensor arrays designed for
multirange measurements of concentration or simultaneous sensing of a number of
chemicals.
In order to fully utilize the advantages of laser-based sensors, the laser
configuration must ensure stable, single-mode operation witli sufficiently narrow
linewidth. In addition, it must allow incorporation of the sensitive element, while making
possible well-established manufacturing and characterization procedures. To our opinion,
the design most suitable for integrated-optic-based chemical sensing is the distributed
Bragg reflector (DBR) laser. In this chapter, the major features and properties of DER
lasers and novel OBR-laser-based sensors will be considered.
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2.1. PRINCIPLES AND CHARACTERISTICS OF DBR LASERS.
A distributed Bragg reflector (DBR) laser consists of 3 sections: a gain section, a
phase section and one or two Bragg gratings used as mirrors (Fig. 2.1). In this figure, one
mirror is a Bragg grating reflector, while the other mirror is a cleaved facet typically
providing 30% reflectivity and used for light output. Between these two reflectors, the
electrically pumped gain section is located. Typically, the DBR lasers also contain the
phase section whose optical length can be electrically controlled for wavelength tuning
via a separate electrode.

MQW
active
layer

Gain section

Substrate

Phase section

Bragg grating

Guiding
layer

Fig. 2.1. General layout of a DBR laser.

The DBR lasing concept is shown in Fig. 2.2. The lasing of the DBR laser occurs
at the frequency within the bandwidth of the Bragg grating determined by the grating
reflectivity, cavity mode structure and gain spectrum. Here the longitudinal cavity modes
are described by the standard equation:
v^=q-^=q

,

(2.1)
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where Icav is the optical length of the laser cavity; ^ is an integer number; la, Ip and Ig and
are, respectively, the length of gain (active) and passive sections and effective length of
the Bragg grating; neff,a, neff.p and n^ff.g are effective refractive indices of, respectively,
gain and passive sections and Bragg grating.
Lasing
mode

Grating
reflectance

Cavity modes

Fig. 2.2. Lasing mode of the DBR laser.

Pumping is realized through the electrode attached to the gain section. It creates
population inversion and, therefore, optical gain within a specified spectral band. The
simplest usable configuration of the gain layer is a double heterostructure (Fig. 2.3)
where a thin layer of undoped material is formed between p- and u-type cladding layers.
These layers are designed to have larger bandgap, so that they do not absorb the light
generated in the active region. In addition, they have lower refractive index than the
active layer, thus creating conditions for guided wave. The major part of the optical
power of this guided wave is propagating through the higher-index layer, therefore
ensuring efficient light amplification in the active region. Fig. 2.3 shows the refractive
index and energy gap as functions of the vertical coordinate z.
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Guided wave

Fig. 2.3. Scheme of the double heterostructure. Eg is energy gap, n is the
refractive index (as functions of the coordinate z across the structure).
A more advanced active region structure used in most contemporary lasers is
based on quantum wells. These consist of a very thin (typically within 100 A) layer of
low-bandgap material sandwiched between layers of high-bandgap material. Such a
structure produces a one-dimensional potential well, resulting in the discrete energy level
and "'step-like" density of states. This produces major improvement of optical properties,
first of all higher gain and reduced absorption at the wavelength of generated light.
Additional improvement is possible by introducing a controlled lattice mismatch to create
strained quantum wells. The strain results in separation of light- and heavy-hole bands,
thus reducing the carrier density required to reach transparency and the threshold current.
As a result, strained-quantum-well structures exhibit better optical properties (higher gain
and transparency), as well as better thermal characteristics.
Due to the extremely small thickness of a quantum well, electric field
confinement (guided wave) is achieved by creating a surrounding layer structure with
higher refractive index (lower bandgap) in the middle layer. This is known as separate
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confinement heterostructure (SCH) (Fig. 2.4). It may be standard (Fig. 2.4, a) or gradedindex (GRINSCH) (Fig. 2.4, b).

Quantum
well

a)

Quantum
well

b)

E,

J-n-L

Fig. 2.4. Separate-confinement heterostructures (SCH): a) standard; b) graded-index
(GRINSCH).
The major advantage of DBR lasers is the possibility of obtaining stable singlemode operation. It is possible mainly due to the wavelength selectivity of the Bragg
grating. This is true even under the condition of modulation, when rapid changes in
carrier density would bring neighboring modes above the threshold in Fabry-Perot lasers.
In addition, the linewidth of DBR lasers is typically much lower than that of simple
Fabry-Perot lasers.
The Bragg grating is a periodic pattern formed along the propagation direction.
This periodic pattern produces the periodic change of effective refractive index of the

guiding structure, which produces a narrow-band reflection. The amplitude reflectance of
Bragg grating is given by (Yariv A. and Nakamura M., 1977; Stoll H.M., 1979):

r-

-/Ac-sinh(;^j,)
+ /Ay0)sinh(;y^,) + ycoshliylg)

(2.2)

Here ag is the modal loss in the grating region; k is the corrugation coupling
coefficient; •y^=K^+(ag/2+/AP)^; and AP is a measure of deviation from exact Bragg
condition:

(2.3)
A

Note that ttg in (2.3) is the power modal loss, therefore it is divided by 2 in the
expression for y. This factor of Vi is omitted when exclusively amplitude-related
coefficients are used (e.g. Kishino K. and Arai S., 1994).
In (2.3), P is the propagation constant of the guided mode equal to 2nneff,g/XQ. The
coupling coefficient K can be calculated from the perturbation theory as (Coldren L.A.
and Corzine S.W., 1995):

_ ^0
2^

dA

(2.4)

||£(.r,>')|"aL4

where (x,y) are the coordinates in the cross-section of the guiding structure; Ae(.r,>') is the
perturbation of dielectric permeability which forms the Bragg grating. This formula may
be expanded to calculate coupling between different modes (e.g., Erdogan T., 1997).
The power reflectance 7?=|/'p and phase delay (p can be calculated from (2.2) as
(e.g., Kishino K. and Arai S., 1994):
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(2 5,
M' +

/2)= + (Aj9)- }|lanh(;<,)|" + 2Re[(a, /2 + i/^/3)r' tanh(j<,)]

(p = xm

Re[^' tanh(;^j,)]+«,, /2|tanh(;Yj, )j"

(2.6)

Im[/' tanh(;^^,)]-A/0|tanh(;^^,)j"

A low-loss grating is usually characterized by its effective length allowing the
easy transition to the effective mirror model and showing the accumulated phase of the
reflected wave:

(2.7)

It is easy to observe that the effective lengtli of a short grating (ic/g«I) is
approximately equal to one-half of its physical length. In the opposite case of a very long
grating (K/g»l) the effective length is equal to 1/(2K) and no longer depends on the
physical length. It is also worth noting that direct calculations of phase shift from (2.6)
produce discontinuities at the points where reflectance (for a lossless gratings) comes
down to zero. However, the physical meaning of the effective length

(2-8)

does not indicate the origin of this discontinuity. Different sources show phase plots
either with discontinuities {e.g., see Coldren L.A. and Corzine S.W., 1995) or with a
smooth curve derived from direct calculation of phase delay variations (e.g., see Stoll
H.M., 1979).
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The linewidth of a DBR laser is approximately given by (Kotaki Y. and Ishikawa
H., 1989):

Av =

hv
%7CP L + L + L

-a. k/,(l

(2.9)

where P is output power; L g , L a , and Lp are, respectively, the effective optical length of
Bragg grating and the optical lengths of the active and passive sections; go, is the
threshold gain; c is the the velocity of light; ng/xs the effective refractive index; a is the
linewidth enhancement factor; aa is the loss coefficient in the active region; rjsp is the
spontaneous emission factor. The threshold gain g,i, is, in turn, calculated by the formula:

s,h =(^u+-r

+ l ^ a ^ +|ln

+ ln

^ I ^

(2.10)

C„ J
v.*-!:

where R/and Rr are, respectively, the front and rear side reflectances, C\2 is the coupling
efficiency between the active and passive sections.
To obtain the narrow linewidth, good power coupling between active and passive
sections, low modal losses and long cavity (relatively to the length of gain section) are
therefore necessary. Low modal losses are achieved by using multiple-quantum-well
(MQW) gain layer, as described above. To reduce losses in the passive and grating
sections in the case of monolithic lasers, regrowth technology is used to remove the
quantum-well structure from these sections and replace them with higher-bandgap (and,
consequently, lower-absorption) layers. This, together with the improved layer structures
described above and high Bragg reflector efficiency, has allowed to reduce the linewidth
from 3.2 MHz (Takahashi M. et al., 1989) to less than 100 kHz (Kunii T. et al., 1991;
Smith G.M. et al, 1996). The best results regarding narrow linewidth have been obtained
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in long-cavity DBR lasers. Linewidth measurement and other laser characterization
techniques are described in detail in Appendix B.
The transition from monolithic to external cavity lasers allows use of a wide range
of cheaper optical materials with better optical qualities (as compared to III-V
structures). This allows greater flexibility in size of external cavity elements and lower
losses, which potentially could lead to narrower linewidth. However, coupling efficiency
between passive and active sections in the case of external cavity is generally
significantly lower than in monolithic devices (where it may exceed 95%). Coupling
efficiency via a single aspheric lens in excess of 65% is considered very high (e.g., Sugo
M. e( al., 1997). Lenses specifically designed for laser or fiber coupling are usually quite
expensive. They also require precision-machined mounts or complex alignment
procedures.
A simpler and cheaper way is butt-coupling where the waveguide or fiber passive
section is brought close to the physical contact with the edge of the gain section. This
method is used, for example, in optical communication to create compact laser arrays
with fiber output. Aligimient techniques for laser-to-fiber butt-coupling suitable for mass
production, such as silicon V-grooves, have been developed. Due to large difference in
refractive indices of III-V semiconductors and typical waveguide or fiber materials, the
layer structure and field profile in passive and active regions usually also differ
significantly. This, together with beam divergence in the gap between sections, leads to
much lower coupling efficiency. A novel way of coupling efficiency improvement for
butt-coupling is to design large spot size lasers (e.g., Wijnands F.H.G.M. et al., 1998).
However, this design is more complex and its suitability for sensing purposes (e.g.,
narrow linewidth) has not yet been demonstrated. Typical coupling efficiency in the case
of laser-to-fiber butt-coupling is 10-15%.
A number of options cheaper (or easier to use) than traditional lens coupling but
more efficient than butt-coupling has been developed. This includes ball lenses (cheaper
to manufacture than aspheric laser-grade lenses) and lens-tipped fibers. To date, the best
coupling efficiency in external-cavity design - 90% - has been obtained using lens-
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tipped fibers (e.g. Hobson W.S. et al., 1997). Efficient ball-lens coupling has been
demonstrated (Ramos M. et al., 1995) and analyzed in details with emphasis on
aberration reduction through optimum positioning (Gaebe C., 1995; Ratowsky R.P. et al.,
1997; Wilson R.G., 1998).
Record narrow linewidth to date - below 100 kHz - has been demonstrated in
monolithic lasers, as mentioned above. However, short-term linewidth of no more than
300 kHz has already been achieved in commercial external cavity semiconductor lasers,
with further improvement possible.
Another important parameter determining the "quality" of laser output is the side
mode suppression ratio (SMSR). It is the ratio of the output power of the primary laser
mode to that in the next strongest mode. It depends on the difference in gain and losses
for these two modes. After denoting the difference in gain and losses for primary and the
next strongest modes, respectively, as Ag and Aa, the following approximation may be
made (Coldren L.A. and Corzine S.W., 1995);

,

(2.11)

where 5g is the net modal gain for the main mode (Fig. 2.5). Therefore, higher side-mode
suppression ratio means more stable single-mode operation under a broad range of
operational parameters, including current modulation and temperature variations. In
addition, higher SMSR allows more accurate signal processing and is particularly
important in wavelength-sensitive applications, such as optical commimication and
sensing.

44

M/ \
Weaker
modes

Primary
mode

Next
strongest
mode

Fig. 2.5. Gain and loss margins used in SMS calculations (adapted from Coldren
L.A. and Corzine S.W., 1995). Upper curve shows losses associated with mirrors, lower
curve represents the difference between modal gain and losses.
More commonly, the SMSR is expressed in decibels:

SMSR «lOlog,

(2.12)

The net modal gain can be calculated in terms of cavity parameters and pumping
current:

Sa ={cc,+aJP,.rj,

I-I.

(2.13)
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where iir, pjp and ///, are, respectively, radiative efficiency, spontaneous emission factor
and threshold current.
Equations (2.11-2.12) and Fig. 2.5 show the reason why DBR lasers provide a
better side mode suppression (practically single-mode operation) than Fabry-Perot lasers.
The reflectance peak of Bragg gratings used in DBR lasers has the FWHM typically less
than 1 nm, while the gain spectrum may be as much as 50-100 nm wide. Accordingly,
the sum (Aa+Ag) may be larger by approximately 2 orders of magnitude for DBR lasers.
The tuning of DBR laser is based on the refractive index change under forward
current (free-carrier plasma effect) or reverse bias (electro-optic effect). For this, an
electrode attached to the phase section is used (see Fig. 2.1). Ideally, the positions of
Bragg grating reflectance peak and the cavity mode closest to this peak have to change
simultaneously:

Al,
„ AA„
—^

(2.14)

where kg is the wavelength corresponding to the cavity mode v^ {Xg =c/Vg). Therefore,
the change of effective indices in the grating and phase sections has to satisfy the
equation:

(2.15)
p

The same formula applies to the DBR laser configuration with two Bragg
gratings, except that instead of Lg the sum of effective lengths of the two gratings has to
be used. By simultaneously adjusting the control currents in the grating and passive
sections, single-mode coverage over 40 nm has been demonstrated (Oberg M. et al.,
1995). Conversely, the lasing peak can be positioned at the center of Bragg grating
reflectance peak by varying the optical length of one section of the DBR laser. This can
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be used to achieve the highest side-mode suppression ratio and (due to the highest grating
reflectance) the narrowest linewidth. Instead of varying the pumping current in the phase
section, temperature dependence of the refractive index of semiconductors can be used to
change the optical length of the cavity and, therefore, the lasing mode position. In the
case of monolithic DBR lasers, this approach is suitable for lasing wavelength tuning but
not for mode positioning within the Bragg grating peak, since all three sections have a
similar temperature dependence of the refractive index. However, in the case of external
cavity lasers, temperature of the gain and phase sections can be adjusted separately,
which allows to make the above-mentioned mode positioning without the second current
input.

2.2. DBR-LASER-BASED SENSOR.
2.2.1. Layout and principles of operation.
In our detection scheme, the DBR laser is used as a chemical sensor (Fig. 2.6). In
the shown configuration, a pair of DBR lasers is formed, with the cavity defined by a
high-reflectance rear facet of the gain section and the Bragg grating coupled to the front
end (via the phase section). The phase section (Fig. 2.6, a) or phase section and grating
(Fig. 2.6, b) of the sensing laser are covered with a layer sensitive to the chemical in
question. The action of the chemical produces refractive index change in the sensitive
layer, thus changing the effective index of the section. As a result, the lasing frequency of
the affected laser changes by a fraction determined by the concentration of the chemical.
The second laser in both cases serves as a reference source. The reference laser has the
same response to other environmental factors (first of all temperature) but not to the
given chemical. Thus, the difference in lasing frequencies of the sensitive and reference
lasers is used to measure the concentration of the chemical.
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Fig. 2.6. General layout of the DBR-laser-based sensor with coated phase section (a) and
both phase section and Bragg grating (b).
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As described above, the DBR laser operates single-mode at a frequency described
by equation. (2.1). Thus, by changing the optical cavity length (for example, by changing
the effective refractive index of some part of the cavity), lasing frequency can be changed
accordingly. The presence of chemicals causes the change of the refractive index of the
cladding. As a result, the effective index of the coated section of the cavity also changes,
as does the optical length of the cavity. Thus, the frequencies corresponding to cavity
modes change, so that the lasing mode shifts within the peak of Bragg grating reflectance
(Fig. 2.7).

Lasing
modes

Cavity

modes

Without chemical
With chemical
Fig. 2.7. Lasing mode shift in the presence of a chemical in a DBR-laser-based
sensor.
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The layout of the integrated sensor (with active and passive sections on the same
chip) is presented in Fig. 2.8. Both sensing (with sensitive coating on phase section
and/or gratings) and reference (with protective coating) DBR lasers are made on the same
semiconductor wafer. The emission of both lasers is combined into the single output and
further directed to the radio-frequency spectrum analyzer. Since both reference and
sensing lasers are formed on the same chip simultaneously (except for deposition of
different coatings), they exhibit the same response to other operating parameters, such as
current and temperature. In addition, the differential frequency is unlikely to be affected
by mechanical vibrations, since the lasers may be formed at the distance much shorter
than the acoustic wavelength in the semiconductor substrate.
Reference laser

Substrate

Sensing laser

Waveguide combiner

Wafer

Fig. 2.8. Layout of an on-chip chemical sensor.

The manufacturing (except for DBR grating fabrication) can be done by standard
photolithographic technique. A fragment (1.3x1.8 mm) of photolithographic mask with
superimposed layers is shown in Fig. 2.9.
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Fig. 2.9. Fragment of pliotolitographic masic (1.3x 1.8 mm) for integrated sensor
with superimposed layers. Large features in the middle are contact pads (two connected
contact pads for each pair of lasers - sensing and reference). The waveguide combiners
are in the right part. The bottom part of the fragment shows a sensing unit containing 3
lasers with separate output, one of which serves as a reference source.
Besides the integrated sensor scheme, external cavity DBR lasers can be used for
sensing purposes. These may be based on commercially available fiber Bragg gratings
(Fig. 2.10) or waveguides where gratings are formed, for example, by holography. In this
configuration, single-mode fibers or waveguides with inscribed gratings are lens- or buttcoupled to semiconductor gain sections formed on the same chip. The external cavity
design offers a significant advantage for sensing applications, namely, the possibility of
creating a guiding structure promising higher sensitivity. This is due to the fact that most
sensitive materials are organic (or organic-inorganic) compounds, with refractive indices
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of 1.4-2. Gain sections may be fonned on the same semiconductor chip (spaced by as
little as tens of microns for better temperature uniformity), with one lens coupling both
gain sections to their respective fibers. As an alternative, commercial laser packaging or
complete lasers with AR-coated front facets may be used. This approach allows use of
standardized (and, therefore, cost-effective) and robust coupling packages. As mentioned
before, longer passive sections achievable with fibers or waveguides allow linewidth
reduction [see equation (2.9)] in comparison with integrated design.

Gain
sections

Coupling
optics

Bragg
gratings

Reference fiber

To
frequency
comparator
Sensor-coated fiber

Fig. 2.10. General scheme of the external cavity DBR-laser-based sensor with
fiber Bragg grating. Coupling optics is shown as two separate lenses for illustration only.
Fiber or waveguide sensitive elements in the external cavity scheme do not need
electrical insulation and can be used in harsh environments or liquids (Fig. 2.11). Such
sensors would be extremely useful for process or water quality control, for example in
semiconductor manufacturing. Waveguide-based design is more robust and easier to use
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for multi-chemical sensing arrays, while fiber sensitive elements allow insertion in less
accessible spaces.

Gain
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comparator

Coupling
optics
Bragg gratings

Laser
diode
controller

Sensitive layer

Reference fiber

Liquid in

Liquid out

Fig. 2.11. Scheme of external cavity DBR-laser-based sensor for liquids.

Standard single-mode optical fibers have the higher-index core (4-9|am in
diameter, depending on the wavelength) surrounded by the lower-index cladding which is
typically 125 )am in diameter. Better-quality fibers have the graded-index structure in
which the refractive index decreases gradually from the core to the cladding. In optical
fibers no evanescent wave is present outside the cladding. Therefore, in order to realize
the fiber-based sensor, the fiber must be polished close to the core and then coated with
sensitive layer (Fig. 2.12). The polishing depth has to be sufficient for the evanescent
wave to reach the sensitive layer; however, too deep polishing will disrupt the guided
mode structure and lead to excessive losses. Since such an optimal fiber polishing is a
delicate and time-consuming operation, prefabricated D-shaped fibers may be used.

Sensitive layer
(<0.1-0.2 ^m)

Polished
section with
exposed core

Jt

Fiber core
(diameter
4-9 |am)

Cladding
(diameter
125 ^m)

Fig. 2.12. Cross-section of a fiber-based sensitive section with the graded-index
fiber polished close to the core and coated with sensitive layer.
Waveguide-based sensitive sections are cheaper to manufacture, since a planar
sensitive layer can be spin-coated or otherwise deposited on the top of wafer or glass
plate with waveguides. Waveguides may be designed and manufactured so as to provide
a certain penetration depth of evanescent wave into the sensitive layer; besides, spincoating allows good thickness control and uniformity. The practical choice of sensitive
section design depends on the specific requirements.

2.2.2. Features and performance optimization.
The resolution of the DBR laser-based sensor is limited by the resolvable
frequency shift. The frequency shift produced by the change of the refi-active index of the
sensitive layer can be written as:
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^AC
"DBR

(2.16)

^DBR

where ALDBR and LDBR are, respectively, the change in optical length and the full optical
length of the DBR laser cavity (described in Chapter 2.1); /^ is the physical length of the
section coated with the sensitive layer; n, and We^are, respectively, refractive index of the
sensitive layer and effective refractive index of the sensing section; C is the concentration
of the chemical. The expression dnJdC describes the dependence of refractive index of
the sensitive layer on the concentration of the chemical in question, which depends on the
choice of material.
The value of dnejg/dn., may be expressed in parameters typically used in the
analysis of guiding structures. The most direct way to obtain it is by differentiating the
eigenequations for guided mode (provided, for example, by Li Y.-F. and Lit J.W.Y., 1987
& 1990):

2/;oi/o-<P+o-<P-a-97t=0,

(2.17)

where cp+o and (p_o are half-phase shifts,respectively, on the bottom and top boundaries
of the guiding level; ^ is an integer number corresponding to the mode being analyzed.
Typically, guided structures used in DBR lasers and sensing applications are designed to
be single-mode in order to minimize propagation and coupling losses. For a 4-layer
structure used for chemical detection (see Fig. 1.4, b), the equations for these half-phase
shifts are the following:
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P,

0 =-1,1.2)

^0 = 27:1 ^

(assuming that wo>ne/>«-i, 1,2 )• Here the sensitive layer is number 1, therefore its
refractive index rtj=«|. Differentiating the equation (2.17) gives the following for each
guided mode:

• { 2 h ^ d ^ - ( p _ , - ( p ^ , )= 0 ,
dn.

(2.19)

from which the value of dnejjldris may be calculated using the relations (2.18).
For a 3-layer homogeneous sensing structure (see Fig. 1.4, a), the following
expression can be obtained (Beregovski Y. et al., 1998):

1

(2.20)

"eff P i i h o + P : ) 2 c i +-L+ ^
P\ p-\

It is easy to establish that equation (2.20) is equivalent to (1.7) by using the wellknown equations for field distribution in the guiding structure:

£ocos(//oz-<z?.o , 0 < z < 2 d o
£(z) = - £ o c o s « 3 . o e x p ( p . , z ) , z < 0
£0 cos«7^o exp[- (z - 2</o)], z > Ida

(2.21)
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Here z is the vertical coordinate measured from the bottom of the guiding layer;
2i/o is the thickness of the guiding layer (see Fig. 1.4, a). These expressions allow to
calculate the field confinement factor in the sensitive layer using equation (1.4) and
obtain the same expression as in (2.20).
For the most typical case of very thin sensitive layer {d\«\lp\), a simplified
expression is:

'If

2d,
hi
hl+p- ^ ,
1
1
Id^ + — + P\ P-I

(2.22)

The major limitation for the resolvable frequency shift is the linewidth of the laser
which has been examined above. The minimum detectable concentration is therefore
approximately determined as causing the frequency shift equal to the laser linewidth:

AC

(2.23)
Y dn, ^
dn

V

/

The obvious ways of increasing the sensitivity are by coating a larger part of the
laser cavity with sensitive layer and choosing materials v^th the larger refractive index
change. However, the sensing characteristics may also be improved by designing a
structure providing the lowest ratio of laser linewidth to the parameter driejg/dns when
placed inside the DBR laser cavity. The primary consideration in this case is that the
phase section used for chemical sensing introduces additional losses into the laser cavity,
therefore increasing the threshold gain, and, as a result, increasing the laser linewidth.
These effects may be evaluated from the equations (2.9)-(2.10) describing laser
linewidth and threshold gain. In particular, the parameter to be optimized is the field
confinement factor in the sensitive layer. The materials sensitive to chemicals typically
have higher losses than those selected exclusively on the basis of their optical properties
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(which is the case for materials used for waveguides or fiber core). Therefore, the
sensitive layer mostly determines the absorption in the passive section of the DBR-laserbased sensor, as described by equation (1.3). In the case of the laser-based sensor,
however, this absorption is not used for sensing but reduces the sensitivity. By combining
equations (1.3) and (2.10), the following expression may be obtained:

+—In
So, =CCa-^Y LaT^
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2

where

+ ln

(2.24)
^-12 y

is the bulk absorption in the material used for sensitive layer; other parameters

are the same as in (2.10) and following equations. From (2.9) and (2.16) it is clear that
both laser linewidth Av and frequency shift A/increase with Tj. However, the frequency
shift increases with Fj linearly, while laser linewidth exhibits the second-power
polynomial dependence. Thus, there is the optimum value of field confinement factor
determined by the condition (Beregovski Y. et al., 1998):
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(2.25)

and equal to
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(2.26)
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58
Equations (2.26) and (2.27) assume uniform sensitive layer in terms of field
confinement. However, fiber polishing and subsequent coating cannot always achieve
highly uniform field confinement along the entire sensing section, since it is very
sensitive to the polishing depth. In addition, some popular coating techniques (for
example, dip-coating) produce layers of varying thickness, but are attractive for a variety
of practical reasons. In the case of varying field confinement, the total absorption and
change of optical length of the cavity may be defined as:

/ ^\aXx,y,z)\E{x,y,2f dydz

(2.28)

Here M is the attenuation in the sensitive section; the expression Anj(x',>',z)
specifies the change of sensitive layer refractive index at a given coordinate x along the
sensitive section and at the point with transverse coordinates (y,z) within the sensitive
layer. The integration limit (s) means integration over the sensitive layer cross-section at
the longitudinal coordinate x. The square of the electric field amplitude provides a weight
factor for a local change of refractive index in accordance with equation (1.7) as well as
the general perturbation theory. As before, other layers of the sensitive section are
assumed to have much lower loss.
For a thin sensitive layer, it may be assumed that the change of its refractive index
is uniform throughout the layer. Besides, in order for the waveguide quality to be suitable
for use in laser cavity, the etTective index may be assumed approximately the same along
the sensing section (otherwise significant losses would occur at the points where nejf
changes noticeably). The bulk absorption

of the sensitive layer is considered to be
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independent of the chemical concentration. Therefore, the set of equations (2.28) may be
rewritten:

(2.29)

Thus, the reasoning that was used to derive equations (2.25-2.27) now applies to
integrated characteristics of the sensitive section. It is easy to see that the condition for
the lowest detectable concentration may now be written as:

(2.30)

using the same variables as in (2.26).
The advantage of equation (2.30) for both uniform and non-uniform layers is that
it provides the optimum value of a measurable parameter, namely, attenuation M in the
sensitive part of the waveguide. Other parameters in (2.30) are either specified by the
manufacturer or may be determined by well-known laser characterization techniques.
Thus, for example, fiber polishing may be performed with control of the optical power
transmitted through the fiber, till the attenuation reaches the calculated optimum value.
Equation (2.28) also shows the reason for limited thickness of the sensitive layer.
The local change of refractive index of the sensitive material is proportional to the local
concentration of the chemical. Therefore, unless the chemical is able to penetrate to the
inner part of the sensitive layer, this inner part will not contribute to the effective index
change and, therefore, to the frequency shift. From the equations (2.21) it is evident that
this inner part of an excessively thick layer will even reduce the frequency shift, since it
reduces the field confinement in the part of the sensitive layer penetrated by the chemical
in question. This is also true for passive (interferometric) sensors. Typically they are built
with very thin sensitive layers (down to one or several monolayers for detection of
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biological macromolecules). In the laser-based sensor, the inner part of the sensitive layer
also contributes to the modal loss to a greater extent than the outer (most sensitive) part,
thus increasing the laser linewidth.
The sensor optimization based on equations (2.26)-(2.30) involves many specific
laser parameters. At the same time, comparison with the most popular phase-detection
devices, i.e. Mach-Zehnder interferometers, may give the practical evaluation of DBRlaser-based sensors. Since the requirements to the sensitive material are the same in both
devices, dependence of the sensor refractive index change on the chemical concentration
may be assumed the same in both cases. Thus, the comparison can be done by calculating
the ratio of minimum detectable refractive index changes /SJIDBR/^MZ of the sensitive
layers given by the equations (1.6) and (2.16) after dropping the factor dnJdC from the
latter. This comparison gives:
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^

(231)

Here 6 is the minimum detectable phase shift in the Mach-Zehnder interferometer
(~l-2x 10"^ rad), c is the speed of light in vacuum. As for Avmin, it is the minimum
detectable frequency shift in the DBR-laser-based sensor. In the ideal case, it is equal to
the laser linewidth which has already been reduced to tens of kHz in some DBR lasers.
However, in reality, the frequency fluctuations within the measurement cycle may
increase the Avmin, thus reducing the resolution. As for the ratio LDBRHS , it may vary
from about 3/2 for a butt-coupled scheme to 2-3 for a lens-coupled design (where lenses
and air spaces add to the total optical length) or integrated configuration with uncoated
gratings. Therefore, an estimate can be made for the length of a Mach-Zehnder
interferometer with the same sensitivity as the DBR-laser-based sensor with given
detectable frequency shift:
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(2.32)

Frequency fluctuations caused by mechanical and thermal effects may be
compensated with a sufficiently high accuracy in a differential sensor scheme, where two
lasers experience the same temperature changes and mechanical vibrations. Another
mechanism, which may be uncorrelated in two lasers, is frequency jitter caused by carrier
density fluctuations. This jitter may be averaged over the measurement time, since it
occurs around the central frequency whose shift constitutes the sensor response. In the
absence of jitter, the minimum measurement time for a laser with natural linewidth Av„ is
1/Av„. If the frequency jitter has the RMS value of Ay,, the number of measurements
necessary to achieve the same detection limit as in the jitter-free scheme is:

Therefore, the total measurement time necessary for the averaging of jitter is:

t=

(2.34)

The best indication of jitter amplitude may be obtained from the frequencystabilized semiconductor lasers, where the lasing frequency is locked to an atomic
transition. In these schemes, the high-speed component of frequency fluctuations is not
compensated and is therefore included in the full linewidth. An example of this is given
by measurements performed with a 780-nm laser diode locked to the saturation
absorption resonance frequency of rubidium (87Rb). The full linewidth at half maximum
of such a laser has been measured at 170 kHz (Kawakami J. et al., 1994), which gives an
indication of jitter amplitude. For a 10-kHz jitter-free linewidth and a 170-kHz jitter, the
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measurement time prescribed by equation (2.34) is 29 ms, wiiich is acceptable. Increase
in jitter RMS to 1 MHz would mean increasing measurement time to 1 second. The actual
value of frequency jitter has to be determined experimentally for the lasers used in the
sensor.
A promising way of linewidth and jitter reduction in future schemes is by
switching from semiconductor lasers to rare-earth- doped fibers and waveguides. Lasers
on erbium-doped fiber have demonstrated a natural linewidth of less than 2 kHz and jitter
on the order of 4 kHz (Park N. et al., 1992). Technology of erbium-doped waveguides for
optical amplifiers used in communications is currently under development. In addition to
higher frequency stability, such devices can be optically pumped by cheaper
semiconductor lasers and therefore can be used in harsh environment where electrical
contacts are undesirable.
The chart showing the Mach-Zehnder interferometer length for sensitivity
matching that of the DBR-laser-based sensor is shown in Fig. 2.13.
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Fig. 2.13. Diagram of Mach-Zehnder interferometer length necessary to achieve
the same performance as the DBR-laser-based sensor with a given frequency resolution.
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It is clear that the DBR-laser-based sensors with resolvable frequency shift of 1
MHz or below have the performance exceeding that of typical Mach-Zehnder
interferometers. In fact, the linewidth of DBR lasers measured in tens of kHz has already
been demonstrated, with further improvement possible (see Chapter 2.1). Thus, a
differential DBR-laser-based scheme is likely to be at least an order of magnitude more
sensitive than interferometric sensors. Single-channel schemes (or schemes with
independent reference sources) can be used for detection of large concentrations of
chemicals, for example, as threshold (alarm) sensors. Their resolution is mostly limited
by laser frequency fluctuations and drift, which would affect their performance in the
case of prolonged absolute measurements. However, they are capable of detecting rapid
changes of concentration.
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3. MATHEMATICAL MODELING
The purpose of modeling was to evaluate and optimize the performance of the
DBR-laser-based sensor starting from the layout of its sections and properties of the
separate layers or elements.
The factors that must be addressed when modeling the performance of a DBRlaser based sensors include:
•

general configuration and placement of sensitive element;

•

optical parameters of the sensitive section: layer structure, modal losses, field
distribution, dependence on the sensitive layer parameters;

•

performance of the DBR laser with incorporated sensitive element;

•

sensor performance optimization by variation of sensitive element parameters.

3.1. FEATURES OF THE DBR LASER MODEL
The DBR laser scheme to be modeled included a semiconductor gain section with
a quantum-well active layer; a phase section coated by the sensitive layer; and a Bragg
grating section either with or without the sensitive coating. The phase section and Bragg
grating could be formed either on the same chip as the gain section or on a separate
waveguide butt-coupled to the gain section. The performance was evaluated as the
minimum detectable refractive index change of the sensitive layer, i.e. the refractive
index change producing the frequency shift equal to the DBR laser linewidth. Therefore,
the model contained the calculation of effective indices of laser sections, corresponding
modal losses, field confinement in sensitive and gain layers, and finally, the DBR laser
linewidth. These data were used in sensitivity calculations. The sensitivity evaluation and
optimization was performed by several parameters, first of all field confinement and
length of the sensitive section, as described in Chapter 2.
The structure of the model is shown in Fig. 3.1.
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Fig. 3.1. Structure of the DBR laser model.
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The input data can be entered manually (by changing a default data set) or read
from the source file. The first stage of modeling involves effective index calculation for
the gain and grating sections (in the infinite slab approximation). This is done using the
expansion of equations (2.18) for the structures with a given number of layers (Li Y.-F.
and Lit J.W.Y., 1987 & 1990). This expansion allows solving numerically the guidedmode eigenequation by calculating recursively the phase shifts on the layer boundaries
(see Appendix A).
In the program, the infinite integration limits for field confinement [see equation
(A.11)] are replaced with points where the electric field (as well as the integral of its
square beyond these points) is negligible. Due to the exponential field decay in the outer
layers, these points were chosen as 5/p/-i ("/" and "-1" being the numbers of the outer
layers). After that, the modal losses and coupling efficiency between the sections could
be calculated as:

I

30

j£l(x)E2ix + S)dx

p

Here Ex^ix) is the field distribution in the coupled sections; the integration limits
are set as before; 6 is the vertical offset between sections which may be required for
optimum coupling of asymmetric structures. The dependence of coupling efficiency on
the offset was used to evaluate the effect of misalignment. Note that equation (3.1) gives
the coupling efficiency for the infinite slab. To obtain the 2-dimensional (i.e. fiall)
coupling efficiency, the obtained values of coupling efficiency for vertical and lateral
dimensions were multiplied. For further calculations related to laser performance, an
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additional coefficient accounting for losses through misalignment and gap between
sections was introduced.
The reflectance, effective length and phase delay of the Bragg grating were
calculated using equations (2.2)-(2.7). Since the phase delay was calculated
trigonometricaily, it had to be "spliced" within the main maximum to obtain the
physically correct behavior. In addition, the cavity finesse (described in Appendix B) was
calculated using a modification of equation (B.6):

(3.2)
l-7^^exp(-/0)

Here cD is the total phase accumulated within the double pass and equal to

(3.3)

91,2 being the phase delays introduced by Bragg gratings (if one Bragg grating was used,
the other phase delay was equal to 0); // and nettj are, respectively, physical lengths and
effective refractive indices of laser sections.
The calculation of laser linewidth (the key parameter of the system) was
performed using equations (2.9)-(2.10) and other well-known laser equations (e.g.
Coldren L.A. and Corzine S.W., 1995). In addition, the frequency shift introduced by the
refractive index change of the sensitive layer was calculated using the relations discussed
in Chapter 2. The parameter dnet^dris was evaluated by direct numerical differentiation. In
addition, it was calculated in a trial run using the equation (1.7). The calculation showed
the coincidence of values obtained by both methods within the computational errors.
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3.2. MODELING AND OPTIMIZATION OF SENSOR SCHEME AND
RESPONSE
The results of numerical modeling of frequency shift are presented in Fig. 3.2.
Fig. 3.2, a is related to a fully integrated (monolithic) version. Fig. 3.2, b is related to an
external-cavity structure. Typical values for all key parameters are assumed (see Table
3.1). The results demonstrate the possibility of obtaining larger frequency shifts in the
external-cavity design.
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Fig. 3.2. Frequency shift as a ftmction of sensitive layer thickness: a) monolithic
sensor; b) external-cavity structure.
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Monolithic version
External cavity
0.3
1
Guiding layer thickness (jLim)
Guiding layer refractive index
3.4
1.6
0.02
Protective cladding thickness (|im)
0.1
0.1
Sensitive layer thickness (urn)
Sensitive layer refractive index
1.4 6
Substrate refractive index
1.46
3.1
Gain section length (mm)
0.3
0.4
Phase section length (mm)
0.3
10
Bragg grating effective length (mm)
0.3
10
10"^
Sensor refractive index change
1.55
Wavelength (|im)
Power confinement in sensitive layer
0.0145
0.0176
Table 3.1. Parameters of the on-chip and external-cavity configurations used in Fig. 3.2.
-

The graphs show that covering both gratings and phase sections with sensitive
layer produces a proportionally larger frequency shift. However, the layer structure on the
top of Bragg grating has to be very uniform in order to preserve the shape of frequencyresponse curve of the gratings (otherwise the frequency selectivity of the scheme will be
affected). Thus, a detection scheme with only phase sections coated may be more feasible
technologically, since the effect of phase section is determined by the change of optical
length integrated over the phase section and does not require high uniformity.
These graphs allow to make an estimate of resolvable refractive index change of
the sensitive layer (assuming that the differential scheme is used and the resolvable
frequency shift is equal to the laser linewidth). Assuming a 1-MHz linewidth of the
external cavity design, the resolvable refractive index change would be better than 10"^ .
In the case of a monolithic structure, the power confinement in the sensitive layer
strongly depends on the thickness of the protective cladding (which is necessary for
technological reasons and higher reliability). The frequency shift vs. refractive index
change of the sensitive layer was modeled for different thickness of the protective layer
using the same parameters as before (Fig. 3.3).
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Cladding thickness under
sensitive layer, jim
—0

0

—0.01

0.02

— 0.03

0.05

--0.1

0.00002 0.00004 0.00006 0.00008

0.0001

Sensor refractive index change
Fig. 3.3. Frequency shift vs. protective cladding thickness for a monolithic configuration
for different thicicness of the protective cladding.
Charts presented in Fig. 3.2 and 3.3 show the potentially higher sensitivity and
flexibility of the extemai-cavity configuration. Firstly, the extemai-cavity design can use
the sensitive section without a protective coating that reduces the field confinement in the
sensitive layer. Secondly, the thickness of the sensitive layer in the monolithic version
cannot be increased beyond approximately 0.1 (im, since the field confinement (and
frequency shift) no longer increases after that. The only effect of further increase of
thickness is the inhibited access of the chemical to the sensitive layer. At the same time,
the extemai-cavity configuration may be used with much thicker (for example, porous
sol-gel-based) sensitive layer, or for direct volume sensing in liquids.
Power confinement in the sensitive layer depends on the refractive index of this
layer (apart from the layer structure). The optical materials that may be used for this layer
have refractive indices between 1.4 and 2.5. The modeling results show that higher
refractive indices produce larger confinement and, consequently, larger frequency shifts
(Fig.3.4). On the other hand, higher refi'active index of the outer (sensitive) layer means
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higher losses, first of all due to surface scattering. Also, larger frequency shifts may be
obtained by choosing materials with larger range of refractive index change. The
optimum choice of the material for sensitive layer, therefore, has to be made for each
case separately.
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Sensor refractive index
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Fig. 3.4. Frequency shift vs. refractive index of the sensitive layer.
Fig. 3.4 shows an additional advantage of external-cavity design, namely, the
better match and greater flexibility in the choice of refractive indices, compared to a
semiconductor wafer. For greater field confinement, the sensitive layer can be indexmatched with, or made greater than, the guiding layer of the ridge waveguide (which
would be impossible with semiconductors whose refractive index is above 3).
Further analysis of the sensor is related to the laser performance. The primary
consideration is the single-mode operation with significant side-mode suppression, which
requires a resonant reflector (Bragg grating) with only a few cavity modes within its main
reflectance maximum. The results of calculation of Bragg grating parameters and cavity
finesse are presented in Fig. 3.5.
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Fig. 3.5. Parameters of the DBR laser cavity: a) Bragg grating reflectance for
K/g=l, 2, and 4; b) Bragg grating phase shift for K/g=2; c) cavity finesse for K/g=2. The
lengths of Bragg grating and phase section are 2 and 5 mm, respectively; grating coupling
coefficient is 5,10, and 20 cm"' (K/g=l, 2, and 4, respectively); modal loss in the passive
section is 0.11 cm"'; effective index of the passive section is 1.49.
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The graphs show that the chosen combination of cavity parameters produces 7
cavity modes within the main maximum, one of which is at the grating reflectance peak.
Varying the grating coupling coefficient allows to obtain a narrower reflectance peak
only at the expense of the reflectance values, or a larger reflectance with a nearrectangular peak shape with low selectivity. Thus, the only way to reduce this number of
modes without reducing the frequency shift is to make a longer grating with lower grating
coupling coefficient. However, the grating lengtli is limited by the technology, namely by
the achievable uniformity of the grating depth and period. Any non-uniformity would
lead to the distortion of the grating reflectance peak, which can reduce the stability of
lasing frequency. Positioning of the lasing mode at the grating reflectance peak can be
achieved by changing the optical length of the laser cavity, in accordance with equation
(2.1). The most convenient ways to achieve this are to change the gain section
temperature and/or pumping current (assuming that the phase section is not on the
semiconductor chip), as described in Chapter 2.
The laser performance is best described (for the purposes of this research) by its
threshold current and linewidth. Higher threshold current means lower output power and
larger linewidth, or the necessity to operate at larger pumping current. However, the
operational value of the pumping current is limited by the thermal effects and, therefore,
assumed constant (40 mA) in the model. The threshold current is determined by the
threshold gain [see equation (2.10) and other well-known equations for laser parameters].
In the case of an external cavity DBR-laser-based sensor, the most important design
parameters of the phase section are its length and field confinement in the sensitive layer,
since they directly determine the sensitivity. At the same time, the losses introduced by
the phase section (i.e. primarily by the sensitive layer) have to be low enough for the laser
operation to be possible. The dependence of threshold current and minimum laser
linewidth on the phase section length for different values of field confinement and bulk
losses in the sensitive layer is shown in Fig. 3.6.
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Fig. 3.6. Threshold current and laser linewidth as a function of phase section length for
different values of field confinement and bulk losses in the sensitive layer. The gain
section is assumed to have the typical parameters of a 3-quantum-well structure with the
length 300 |im.
Fig. 3.6 shows that, in the case of large field confmement in the sensitive layer,
the total losses are the primary consideration in choosing the length of the phase section.
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In the presented example, the maximum length of the passive section may be as small as
20 mm, depending on the above-mentioned layer characteristics. In the case of low
values of field confinement and/or bulk losses, the length of the phase section is
determined by other considerations. Of these, the most important for single-mode
operation is the ratio of phase section length to the Bragg grating effective length, since it
determines the number of cavity modes within the grating peak (see Fig. 3.5). Too small
mode spacing would mean insufficient side-mode suppression ratio [see equation (2.11)
and Fig. 2.5)] and unstable operation.
Another important parameter for DBR laser performance is the coupling
efficiency between the passive and gain sections. The factors affecting the coupling
efficiency are, firstly, mode profile matching, and secondly, the misalignment between
these sections. The first reason is clear from equation (3.1) which expresses coupling
efficiency as the correlation between mode profiles. This is why the efficiency of fiber
butt-coupling to the semiconductor laser or gain section is usually 10-15%, since mode
profile in the gain section is much narrower than in the fiber, and also anisotropic. A
much better coupling can be achieved by using the ridge waveguides. The second reason
includes vertical and lateral misalignment (the former being more critical due to the
semiconductor laser mode shape), as well as typical axial offset. The dependence of
coupling efficiency on axial and lateral offset has been studied extensively of optical
fibers, with a number of good approximations available for single- and multimode fibers.
The dependence of threshold current and laser linewidth on coupling efficiency
for different sets of parameters is shown in Fig. 3.7. It is clear that the linewidth
decreases monotonically with the increase of coupling efficiency, the fastest reduction
occurring near the values corresponding to lasing threshold. The charts also show that,
for a low-loss configuration, a coupling efficiency of 0.1 is sufficient for narrowlinewidth operation. The major problem in this case is related to mechanical and thermal
fluctuations whose effect in a single-channel scheme far exceeds the linewidth-related
sensitivity limit.
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Fig. 3.7. Threshold current and minimum laser linewidth as functions of coupling
efficiency between the gain and phase sections. The phase section length is 20 mm,
sensor bulk loss is 5 cm"'. The parameters of the gain section are the same as in previous
charts.
The performance of the entire laser-based sensor is best described by detectable
change of the refractive index of the sensitive layer, as mentioned above. The first
parameter to be optimized is the passive section length, which, in case of passive sensors,
is usually made as long as reasonably achievable. However, in the case of laser-based
sensor, the losses associated with the sensitive coating lead to the increase in laser
linewidth. This is particularly important for direct (volume) sensing in liquids which is
usually characterized by large field confinement and relatively high absorption in the
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liquid. The theory of DBR-laser-based sensor optimization is described by equations
(2.25H2.30).
The detectable refractive index change as a function of the passive section length
is shown in Fig. 3.8 for two different values of bulk loss in the sensitive layer (3 and 5
cm"').
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Fig. 3.8. Detectable refractive index change of the sensitive layer for different values of
bulk losses. Field confinement in the sensitive layer is 0.2, other parameters are the same
as in previous chart.
The graph shows that the increase of losses to 5 cm"' leads to an approximately
2.7-fold increase in the lowest achievable detection limit. For smaller passive section
lengths, the laser linewidth decreases almost inversely proportionally to the square of
passive section length, while the frequency shif\ increases linearly. After passing through
the minimum, however, the detection limit increases sharply as the threshold current
approaches the operating current, thus reducing the power and increasing the linewidth
[see equation (2.9)].
It is important to point out that the range of acceptable values of phase section
length also depends on the bulk losses. As Fig. 3.8 shows, the detectable refractive index
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change for the bulk losses of 3 cm"' remains approximately the same for the phase
section length of 15-35 nrni. In the case of higher bulk losses (5 cm"'), however, the
same is true for a much narrower range - from 15 to 25 mm. Therefore, a more careful
optimization has to be done for volume sensing and high losses, which may be the case
for chemical detection in liquids.
For a given length of the passive section, the primary parameter to be optimized is
the field confinement in the sensitive layer. An example of such optimization is shown in
Fig. 3.9 for two lengths of the passive section (2 and 3 cm). Here the detection limit is
again normalized to the optimum (lowest) value for the 3-cm passive section. The chart
shows that a longer passive section allows to reduce the detection limit almost inversely
to the length (by a factor of 1.47).
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Fig. 3.9. Normalized detection limit as a function of field confinement in the sensitive
layer. The bulk absorption in the sensitive layer is 5 cm"'; the modal loss in the gain
section is 7 cm"'; the gain section length is 300 fim; coupling efficiency between gain
and passive sections is 0.16; reflectances of the Bragg grating and rear facet of the gain
section are, respectively, 0.95 and 0.25.

It is worth noting that the optimization of the passive section length and field
confinement makes most sense for high-loss sensitive layer or direct volume sensing.
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Both optima in Fig. 3.9 correspond to the relatively high (for a thin sensitive layer) values
of field confinement. Therefore, for a sensitive layer with high optical quality, the
optimum length of the passive section is determined mostly by technological reasons.
Similarly, the layer structure of this section could be designed for maximum field
confinement, especially if the refractive index of the sensitive layer is lower than the
effective index of the structure. In the opposite case, even a thin layer may have
significant field confinement, as indicated by Fig. 3.4. Again, as in Fig. 3.8, greater total
losses (i.e. longer phase section) require a more careful choice of field confinement
factor, due to a faster change of sensitivity near the optimum.
In a typical case of surface sensing, only a thin surface layer (around 1OOA)
changes its refractive index under action of the chemical, which means the field
confinement factor about 0.002. For volume sensing, field confinement factor may be an
order of magnitude larger. This means the detectable refractive index change of 5x10"^ to
_Q

5x10 , respectively, in the linewidth-limited case. The laser frequency jitter increases
this detection limit by another order of magnitude (to of 5x 10"® - 5x10"^, respectively).
Since the chemically sensitive materials used in passive optical sensors may also be used
in DBR-Iaser-based schemes, the detection limit in terms of concentration may be
lowered by the same factor as the detection limit for refractive index change. For most
volatile organic compounds, this means the possibility of obtaining detection limits as
low as tens of parts per billion (ppb). Additional improvement of sensitivity (down to
1x10"®) is possible by using DBR or DFB lasers with non-semiconductor gain sections,
for example, erbium-doped fibers or waveguides. As mentioned before, erbium-dopedfiber lasers have demonstrated a 2-kHz linewidth with a 4-lcHz jitter (Park N. et al.,
1992), with further improvement possible.
An effect that can be included as a further extension of the model is the influence
of residual reflection from coupled facets inside the cavity. It is known that such
reflections create a parasitic feedback which degrades the laser performance. There are
two ways of evaluation of this effect:
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1. Effective mirror formalism which allows to combine the effects of all external
optical paths into a single complex effective amplitude reflection coefficient renK^). This
is best achieved using the scattering matrix formalism e.g. Haus H.A., 1984). The
effective mirror reflectance (including parasitic reflections) may not produce a smooth
maximum typical for the Bragg grating, therefore the selectivity and side-mode
suppression would be reduced;
2. Accounting for modes produced by parasitic feedback through the increase in
spontaneous emission factor, since these modes do not contribute to the single-mode
operation of the DBR laser. Consequently, the parasitic feedback is likely to increase the
linewidth, as could be shown using standard equations for DBR lasers (e.g. Coldren L.A.
and Corzine S.W., 1995).
The residual reflectance depends mostly on the technology of AR-coating, thus
their amplitude and effect are best determined experimentally for a given configuration.
As an alternative, matching the results of numerical modeling with the experimental data
could indicate the best approximation.
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4. EXPERIMENTAL RESULTS
In the previous chapters, the concept and theoretical analysis of the DBR-laserbased chemical sensor has been presented. It has been shown that the key parameter
determining the sensor performance is the laser linewidth, which is the main reason for
choosing the DBR laser scheme. The dependence of the laser linewidth and overall
sensor performance on the cavity design has been performed. The key parameters of
cavity design for high sensitivity are coupling efficiency between DBR laser sections,
length of the sensitive section (relative to the total optical length of the cavity), and field
confinement in the sensitive layer. In practical realizations, ease of fabrication of
sensitive elements and laser alignment is also required. In addition, interchangeability of
sensitive elements and the possibility of fabrication of sensor arrays at a minimum cost
are desirable.
In this chapter, we first present the experimental proof of DBR-laser-based
sensing, using the commercially available fiber gratings modified for chemical
sensitivity. Next, we demonstrate for the first time single-mode operation of DBR lasers
with sol-gel waveguide sections. Such sol-gel waveguides are a good choice for sensing,
since they have good optical quality and customizable properties. We consider two
modifications of sol-gel-based DBR lasers: 2-section laser with Bragg grating imprinted
in the sol-gel waveguide, and 3-section scheme combining a sol-gel waveguide section
with a fiber grating. We also present the results of preliminary experiments on chemical
sensing with both 2- and 3-section configurations. Finally, we examine the major sources
of sensor errors and suitability of both DBR laser designs for practical applications.

4.1. CHEMICAL SENSOR BASED ON FIBER GRATING DBR LASER
A fiber grating DBR laser was chosen for proof-of-concept experiments for a
number of practical reasons. Firstly, fiber Bragg gratings with a necessary set of
parameters (peak wavelength, reflectance, and bandwidth) are readily available. They
typically have a good uniformity, stability and low loss due to scattering and absorption.
Secondly, a wide range of commercial alignment and measurement tools can be used for
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experiments. Thirdly, optical fibers are sufficiently robust and inert to be used in
detection of such chemicals as organic solvents (first of all acetone). Finally, DBR lasers
with semiconductor gain sections can be built using simple butt-coupling techniques.

4.1.1. Laser scheme and components
The commercially available fiber Bragg gratings used in the laser scheme had the
peak reflectance of 95% and the bandwidth of about 1 nm (Fig. 4.1).
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Fig. 4.1. Reflectance spectrum of the fiber Bragg grating.

The gain section consisted of a Fabry-Perot InGaAsP/InP multiple quantum well
(MQW) laser diode mounted p-side up on the heat sink. The front facet of laser was ARcoated to reduce the reflectance to less than 1%. The gain spectrum had the maximum at
approximately 1562 nm at T=20°C. Fibers were butt-coupled to the semiconductor gain
sections using the fiber positioner. The threshold current of the DBR laser was 14 mA,
while the threshold current for the Fabry-Perot laser (gain section before AR coating)
was about 13 mA. The lasing spectrum of the DBR laser at 7=25 mA is shown in Fig. 4.2.
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The preliminary experiments were done in order to determine the effect of
reflection from the fiber facet. These experiments showed that the side-mode suppression
ratio increased by approximately 9 dB after the fiber tip was AR-coated (Fig. 4.2).
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Fig. 4.2. DBR laser spectrum: a) before, b) after AR-coating the fiber tip.
The full spectrum of the DBR laser is shown in Fig. 4.3. It indicates the sidemode suppression ratio of approximately 25 dB.
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Fig. 4.3. Full spectrum of the fiber grating DBR laser. Note the difference
between Bragg grating and gain peak wavelengths.
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The laser linewidth was estimated from the Fabry-Perot measurements as being
within 3-5 MHz, with a short-term instability (RMS) of about 26 MHz. The most likely
cause of frequency fluctuations was the mechanical instability of the experimental setup.
After preliminary experiments and AR-coating of the fiber facet, the fiber was
polished to the core using the transmittance as a criterion of the polishing depth, as
described in Chapter 2 (Fig. 4.4).

Polishing
Fiber

He-Ne
laser

Detector
Aluminum pad

Fig. 4.4. Scheme of fiber polishing with transmittance control.

A section of the fiber (between the AR-coated tip and Bragg grating) was attached
with epoxy to a trapezoid-shaped aluminum pad. In order to improve process control and
mechanical rigidity during polishing, the epoxy layer completely covered the fiber. The
light from a He-Ne laser was coupled to the fiber, while the output from the other end
was monitored with a detector during polishing.
The polished section of the fiber was coated with a monolayer film based on
covalent attachment of heptakis-(2-0-methyl)-p-cyclodextrin to a Ci6 alkane linker layer
at the Los Alamos National Laboratory. This film has been used in passive optical
sensors and demonstrated high sensitivity to volatile organic compounds (see Grace K..M.
et al., 1997). The fiber with Bragg grating and coated section was then used in the
external cavity DBR laser sensor. Other equipment used for sensing experiment, as well
as characterization techniques, are described in Appendix B.
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4.1.2. Chemical sensing.
An experimental setup (Fig. 4.5) was used for detection of acetone vapors in the
air.

Gain
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Optical
fiber

Sensitive
layer

F'bc
grating

3dB splitter

Laser diode
controller

Acetone
container

Optical
spectrum
analyzer
Fabry-Perot
interferometer

Fig. 4.5. Scheme of acetone detection experiment.

The polished and sensor-coated section of the grating fiber was placed into the
enclosure where a container with acetone could be placed (so as to allow the buildup of
vapor concentration within 5-10 seconds). The other end of the fiber was connected to a
splitter directing laser emission to the optical spectrum analyzer (for alignment) and
Fabry-Perot interferometer. After achieving the maximum laser power output by
positioning the fiber, an acetone container was placed in the enclosure containing the
sensitive section, and the latter was closed. During the vapor buildup, the frequency shift
could be observed visually on the interferometer display. The reversibility of the polymer
response allowed to make a series of measurements on the same sample.
It was determined that the most stable operation of the DBR laser after fiber
polishing corresponded not to a single mode but to a group of modes which shifted
simultaneously under the action of acetone (Fig. 4.6). The most likely cause of these
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modes is the reflection from the distal tip of the fiber, as well as the reduction of side
mode suppression ratio due to additional losses caused by fiber polishing.

Acetone-induced shift

t

50-1.40-^ 30
I 20-i 10-r
1.4
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Frequency, GHz
- - Spectrum with acetone — Spectrum without acetone
1.2

Fig. 4.6. Acetone-induced shift of DBR laser modes.

The two schemes of sensitive element (with phase section and grating polished, or
with phase section only polished) were tested. The DBR laser where both phase section
and Bragg grating were polished exhibited much greater frequency fluctuations, with
RMS of 50-55 MHz. This effect was attributed to the non-uniform grating polishing
which reduced its selectivity. The experiments with polished and sensor-coated phase
section demonstrated the frequency shift of around 130 MHz, with ftill reversibility
(within experimental errors).

4.1.3. Temperature sensitivity.
The sensitivity of DBR lasers to temperature is important for two reasons. Firstly,
the ft'equency shift due to typical changes of ambient temperature is much larger than the
above-listed frequency shift resulting from chemicals. This shift is usually large enough
to be detected by classical spectral analyzers. Thus, in the case of chemical sensors, this
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shift has to be either compensated (as in differential scheme) or accurately accounted for.
Secondly, due to the same reason of large magnitude, the temperature-induced frequency
shift may be used for direct temperature measurements. In the case of an external-cavity
fiber grating DBR laser, the fiber may be used in harsh environments.
The wavelength shift due to temperature changes is mainly dependent on the
change of the refractive index and thermal expansions of the fiber material. For silica
fibers the normalized wavelength shift is

_L.^ = 6.67-10-'°C-'

A, sr

(4.1)

which gives a wavelength shift of 0.008-0.01 nm/°C within the examined spectral region
(Kersey A.D. et al., 1997).
The temperature sensing experiment was done using the AR-coated
semiconductor gain section (X = 1525 mti at room temperature before coating) and a
single-mode optical fiber with Bragg grating of a nominal wavelength 1540 nm. The
cleaved fiber was butt-coupled to the gain section and its output measured with HP70950B optical spectrum analyzer. The temperature of the Bragg grating was varied by
placing it onto a Peltier element (producing the temperature changes up to 70°). During
the experiment the grating was protected from environmental influences other than
controlled temperature changes (such as air streams.). The actual temperature was
controlled by a thermoelectric sensor placed on the Peltier element adjacent to the fiber
grating.
A wavelength shift of 0.01 nm/°C for the Bragg wavelength was verified in the
experiment between room temperature and 75°C. Experimental data are shown in Fig.
4.7.
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AR-OBR, FBG 1540-96-0.1, UOA 216-2
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Fig. 4.7. Dependence of the fiber grating DBR laser wavelength on grating temperature.
So, the thermal sensitivity of DBR lasers shows the advantage of a differential
detection scheme proposed for chemical sensing. Such a scheme would not have the
temperature-related instability. Also, the magnitude of the wavelength changes allows to
detect changes using simple and inexpensive spectral techniques (particularly because
these changes occur in the vicinity of the wavelength known in advance).
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4.2. DBR LASER WITH SOL-GEL WAVEGUIDE GRATING.
4.2.1. Sol'gels as materials for integrated optics and sensing.
The soi-gei method for preparing solid materials has become popular for the
formation of integrated-optic devices since the early 1980s due to several features. Some
of the most important of these are (Sakka S., 1996):
•

Low-temperature processing which allows coating of glasses, semiconductors,
and integrated optical and electronic devices;

•

Easy coating of surfaces of different sizes;

•

Variable thickness and refractive index, which make these materials particularly
attractive for integrated optic structures with given properties (such as singlemode guiding at specific wavelengths);

•

High optical quality - losses on the order of 0.1 dB/cm in sol-gel waveguides
have been reported.
An important group of simple organic-inorganic materials is based on a single

silicon-based precursor - silicon alkoxide, or a mixture of silicon and metal alkoxides
obtained through the reaction of halogenated species of pure metal with alcohol (Klein
L.S., 1998). A well-known compound of this type is methacryloxypropyl triethoxysilane
(MAPTMS) (Fardad M.A. and Fallahi M., 1998). Other major ingredients of the sol-gel
mixture are alcohol and water, of which alcohol serves as a solvent. Once the MAPTMS
(in the case of a single-oxide sol-gel) is dissolved, the chemical reactions of
hydrolyzation and condensation begin (Fig. 4.8):
OR
Hydrolyzation:

OR

-CHj-Si-O-R + H2O

—Si—OH + ROH

I

I

OR
OR
Condensation:

I

OR
OR

I

I

I

-CHs-Si-OH + -CHs-Si-OH -> Si-O-Si + H2O
OR

OR

Fig. 4.8. Major chemical reactions occurring in organic-inorganic compounds.
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The result of these reactions is an increase in the molecular weight of the oxide
polymer. Eventually, the solution reacts to a point where the molecular structure is no
longer reversible. This point is known as the sol-gel transition. It is important that, by
varying the reaction conditions, the material can be predisposed to form a film, a fiber, or
a bulk shape. Thus, the final geometry can be designed at the processing stage, along with
chemical composition and bulk optical properties. Of the latter, the refractive index may
be varied significantly by adding certain metal oxides, such as Ti02, AI2O3, or ZrOa. This
provides additional flexibility in design of guiding structures, which may be particularly
important in active optical elements where good power coupling between the
semiconductor gain section and passive waveguide is necessary. The good power
coupling means first of all good mode profile matching, which would be difficult to
achieve between a semiconductor structure (with typical refractive indices of 3.1-3.6)
and conventional waveguide materials with refractive indices in the range 1.4-1.8. The
suitability of sol-gels for a wide range of photonic applications has been confirmed by
development of high-quality sol-gel-based integrated optic elements (Li C.Y. et al., 1995;
Touam T. et al., 1997), including high-reflectivity Bragg gratings (M.A.Fardad et al.,
1997 & 1998).
In addition, sol-gel materials allow incorporation of specific substances. This
way, inorganic ions or organic molecules with characteristic absorption or luminescence
spectra may be entrapped into films formed by sol-gel process (e.g., Reisfeld R. and
Jorgensen C.K., 1992; Avnir D. et al., 1992,1994). Waveguides doped with rare earth
oxides can be used in optical amplifiers which are an important part of optical
communication equipment. Recent developments include sol-gel waveguides doped by
neodymium (Barbier D. et al., 1997) and erbium (Orignac X. et al., 1996). It is important
that the sol-gel composition and processing be adjusted so as to preserve or improve the
optical response of the dopants, such as fluorescence lifetime in rare-earth-doped
materials. A popular use of sol-gels in chemical sensing is related to the pH
measurements, usually via immobilizing a pH-sensitive fluorophore in the sol-gel matrix
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(e.g. Grattan K.T.V. et al., 1991). Sol-gels are particularly attractive for chemical sensing
in liquids due to their long-term durability in these environments. It has been shown that
the sol-gel substrates can be processed (aged) to withstand repeated immersion and
drying without degradation (Badini G.E. et al., 1995).
The possibility of doping also allows creating a wide range of sol-gel-based
optical sensors, mostly based on entrapment or surface immobilization of molecules
providing optical response to a given chemical. This presents the possibility of creating
rugged optical sensors whose size may be reduced to the micron scale (Samuel J. et al.,
1994). The mild conditions under which sol-gels may be formed (compared to inorganic
optical materials) allow their use as immobilization matrices for biomolecules. It has
been demonstrated (Wang R. et al., 1993; Dave B.C. et al, 1994) that complex
biomolecules (proteins and enzymes) can be entrapped in sol-gel matrix while retaining
their biological functions. Optical detection of biological interactions has been performed
by entrapping whole protozoa in porous sol-gel structures with good preservation of their
cellular organization and antigenic properties (Livage J. et al., 1994).
Another development, indicating the good optical quality of doped sol-gels and
their potential for optical sensing, is the development of sol-gel lasers reacting to the
presence of a chemical (Wojcik A.B. et al., 1994). In this case, the sol-gel material was
doped with rhodamine 6G (an organic dye often used in optically pumped tunable lasers)
and used to form the optical fiber. This fiber was further used as the active element in the
optically pumped laser. By coating the fiber with a film whose absorption at the lasing
wavelength changed under the action of the chemical (ammonia), detection was made
possible.
Therefore, sol-gel materials can be used for producing integrated optic
components with customized properties, for both passive and active devices. The
possibility of doping the sol-gel elements with different sensitive substances without
significant degradation of their optical properties makes possible incorporation of such
elements into the laser cavity, thus increasing the level of integration and improving
performance of such systems as optical sensors.
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4.2.2. Laser scheme and components.
In order to test the concept of a "modular" DBR laser for chemical sensing, the
laser setup with sol-gel Bragg grating was built (Fig. 4.9).
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Fig. 4.9. Scheme of the sol-gel-based DBR laser with characterization equipment.

The key elements of the DBR laser (lens pair, waveguide sample with grating,
and single-mode light collecting fibers) were placed on XYZ positioners. The light from
the front facet of the semiconductor gain section was coupled with the facet of the sol-gel
waveguide via lens pair placed in the custom mount which allowed removal of any lens.
The lenses used in the setup were single-element laser-grade lenses (ThorLabs 350 series)

93
with antireflectance coating for residual reflectance below 1%. Due to the use of the gain
section without packaging, a pair of removable lenses was used for coupling instead of a
prefabricated two-lens coupling package.The general view of the laser setup is shown in
Fig. 4.10.
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Fig. 4.10. View of the DBR laser setup.
The light collected from the waveguide was directed to the optical spectrum
analyzer and used for alignment. The light from the rear facet of the gain section
(providing higher output power) was mixed with the emission of the tunable laser via the
2x2 coupler-splitter with splitting ratio close to 50/50. The outputs were connected to the
radio-frequency spectrum analyzer (HP 8593E) for heterodyne measurements, and to the
scanning Fabry-Perot interferometer (Burleigh® SA'^-200) for frequency stability
measurements. As an option, the multimode fiber could be used to collect emission from
the rear facet for output power vs. current measurements. To minimize the alignment
procedures, the multimode fiber used for this procedure was chosen with the same
cladding diameter as a single-mode fiber (250 (im).
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The single-mode fiber on the waveguide side could also be used for alignment
purposes with the helium-neon laser emission coupled into it from the other end
(alignment procedures are described in detail below). It was determined during the
experiments that the fiber tip position did not introduce visible changes in the DBR laser
spectrum. A conclusion was made that the feedback from the fiber tip was negligible and
the tip could be left uncoated. The top part of Fig. 4.10 also shows the probe station used
to inject pumping cunrent into the gain section via the probe arm with needle.
The waveguides were formed on the silicon wafer with the 3-|am thermally grown
Si02 layer. The sol-gel material for waveguides was synthesized by the technology
described in (Fardad M.A. and Faliahi M., 1998). The sol was diluted and dispensed onto
the substrate and spin-coated at 2000 rpm for 30 sec. The resulting planar film was soft
baked at 100°C for 5 min, and exposed for 25 min to UV light through a mask using the
mask aligner with 275W output power. The photoinscribed charmels were developed in
isopropanol, followed by hard baking in vacuum. The waveguides used for DBR laser
were 5x3 |am" ridges (Fig. 4.11), selected for their best guiding properties.

Fig. 4.11. SEM micrograph of 5x3 fim sol-gel ridge waveguides.
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One waveguide sample (3 cm long) was used to measure the total loss using cut
back method (Hunsperger G.H., 1991). The total loss at 1550 nm wavelength was
0.1-0.4 dB/cm. The first-order Bragg grating in other samples was designed for the
wavelength in the vicinity of 1530 nm and formed holographically on the Si02 layer prior
to sol-gel deposition. The scanning electron microscopy (SEM) micrograph showed good
quality of the Bragg grating (Fig. 4.12). The measured effective refractive index at 1550
nm was 1.4663 and 1.4653 for TE and TM modes, respectively.
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Fig. 4.12. SEM micrograph of the Bragg grating with the 5-^m waveguide
(horizontal stripe) on top.
The transmission spectra of the waveguides with gratings were measured using
the New Focus 6262 tunable laser. For this purpose, the emission of the tunable laser was
lens-coupled into a single-mode fiber, the other end of which was butt-coupled to the
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waveguide. The other fiber was butt-coupled to the other end of the waveguide and
attached to the HP 70950B optical spectrum analyzed (the same as in Fig. 4.8). The
spectrum of sample #1 (Fig. 4.13) shows a single peak with a 0.6-nm FWHM, which
testifies to the single-mode guiding at the used wavelength (otherwise more than one
peak would be visible due to the different effective indices for different guided modes).
The "twin" shape of the peak has been attributed to the presence of TE and TM guided
modes with different effective indices, as well as some non-uniformity of the grating.
This feature was repeatable in different waveguides. Other small peaks on the graph are
due to power fluctuations of the tunable laser during the frequency scan (a typical output
power of the laser was 2.6 mW, of which approximately 25% could be coupled into the
input fiber).
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Fig. 4.13. Transmission spectrum of the sol-gel waveguide with grating used for DBR
laser (Sample #1).
Next samples showed much better optical quality, which could be seen from the
transmitted power level - 3 to 5 nW (Fig. 4.14). The two dips in the transmission
spectrum of a 4-(im waveguide (Fig. 4.14, a) corresponded to two guided modes, while a
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3-|im waveguide was single-mode (Fig. 4.14, b). These measurements were made with
polarized light (using a polarization-preserving input fiber) and showed single-peak dips
in transmission spectrum, instead of double peaks visible in unpolarized light. This also
indicates a better grating uniformity than in Sample #1.
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Fig. 4.14. Transmission spectra of sample #2 waveguides with Bragg grating measured in
polarized light: a) 4-)im waveguide; b) 3-(im waveguide.
The semiconductor gain section was formed as a 3-)am-wide channel (300 (im
long). It had a 3-quantum-well gain layer with peak wavelength around 1535 nm at 20°C.
The front facet was AR-coated, with the residual reflectance less than 1%. Prior to AR
coating, the gain sections were tested for Fabry-Perot lasing and found to have the
threshold current of 21-22 mA at 20°C. The gain section was placed on the TE-cooled
mount (p-side up) for temperature control, with a thermocouple mounted into the top
plate of the TE-cooler providing feedback. The temperature could be maintained within
0.1°C (the temperature measurements, however, were possible with higher accuracy and
showed the short-term stability around 0.02°C). The range of temperature changes was
limited by controller settings (usually 50°C) on the upper end, and by the Dew point
(usually 10-12°C) on the lower end.
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4.2.3. Alignment procedures.
Laser alignment procedures were designed to achieve maximum coupling
efficiency between gain section and sol-gel waveguide with grating. The following
features of the scheme had to be addressed during alignment:
1. The single-element lenses chosen for their performance had aberration-free field of
view of only 1°, so that the waveguide and gain section had to be positioned on their
axis with the accuracy better than 60 ^m;
2. The waveguides were designed to provide good single-mode guiding at the operating
wavelength (around 1530 nm), however they were not single-mode in the visible light
which had to be used for preliminary alignment;
3. The Bragg grating in waveguides introduced significant scattering of visible light
used for alignment.
The first feature required lens positioning which (without standard laser
packaging) could only be achieved using a collimated light beam. Thus, the lens pair in a
holder allowing removal of either lens was used. First, the lens facing the gain section
was inserted, and a collimated laser beam was directed into it at the right angle to the
front plane of the lens mount. The quality of light focusing was controlled by the
sensitivity of light intensity scattered from the upper rib of the gain section to lens
position. With good focusing, the lens produced a near-diffraction-limited spot size,
which resulted in the significant change of scattered light intensity due to sub-micron lens
movement (which could be achieved by applying a small vertical pressure to the XYZ
positioner's micrometer). After that, the second lens (facing the waveguide) was inserted.
The remaining two features required a preliminar>' alignment step before visible
light could be passed through tlie waveguide and focused on the gain section. For this, the
waveguide was replaced with a single-mode fiber into which the visible light was
coupled. This fiber was aligned so as to achieve the best light focusing on the gain
section via the lens pair (as seen in visible light). After that, the below-threshold pumping
current was injected into the gain section, and the other end of the fiber was connected to
the optical spectrum analyzer. A more accurate alignment was then performed for
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maximum luminescence power from the gain section coupled into the fiber. This was
necessary, since the lens refractive index (and focal length) differed significantly for
visible light and 1530-nm region. The resulting position of the fiber tip facing the lens
pair was marked using the binocular microscope with reticle in one eyepiece. After that,
the front facet of the chosen waveguide was moved into the position previously occupied
by the fiber tip.
After positioning the waveguide, the fiber was butt-coupled to its rear facet, and
further alignment was conducted by focusing the light on the front facet of the gain
section. The possibility of this focusing depended on the length and transmittance of the
waveguide sample. This was due to the fact that the waveguide had the aspect ratio of
approximately 1.3-1.7, which provided good match (and, therefore, good coupling
efficiency) with gain section but not with the fiber. As a result, the light spot on the gain
section was a superposition of slightly defocused light from the front facet of the
waveguide and significantly defocused (but containing more power) light from the fiber
tip. The following analysis shows the requirements to waveguide properties for the
alignment to be possible.
The lateral position of the fiber tip (and, therefore, waveguide facet) could be
fixed using the microscope reticle with sufficient accuracy. However, the accuracy of
vertical positioning under the binocular mocroscope was lower, primarily due to the
absence of clear marks on the fiber at the level of core. Thus, the waveguide was
misaligned in vertical direction by 20-30 |im, which produced the image misalignment
on the gain section facet where the scattering from the upper rib was observed.
Part of the power from the fiber (Fig. 4.15) bypasses the waveguide and, after
passing through the coupling optics, produces a light spot on the gain section facet. Since
a single-mode fiber for 1.55-|im region may have a core diameter of up to 9 |im, and the
single-mode waveguide dimensions are around (2.5x4) -r (3x5) |am, this power may be
up to 25-30% of the total fiber output. Thus, if the fiber-to-waveguide coupling
efficiency and/or waveguide transmittance is not high enough, the light spot on the gain
section facet produced by the waveguide may be initially lost in a larger light spot
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produced by the fiber. The following analysis shows the requirements to the waveguide
parameters for the simple alignment to be possible. The criterion is the possibility of
detecting the light spot fi-om the waveguide against the background produced by the fiber.
Due to the observation conditions, the contrast necessary for such a detection may be
20-30% (rather than 2% for the optimum conditions). Since no definite interference
pattern (apart from the speckle) has been observed in the overlapping spots, it may be
assumed that any such pattern is simply averaged by the eye. Therefore, the equations for
incoherent light (in terms of power rather than amplitude) can be used for calculating the
power density produced by the fiber and waveguide in the overlapping area.
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Fig. 4.15. Optical scheme of the setup after preliminary aligrunent.

Assuming the quasi-Gaussian intensity diagrams for waveguide and fiber, the
following power density on the gain section fi*ont facet is produced by their respective
output:

101

A

N-:
(4.2)

Here /=1,2 denotes the waveguide and fiber, respectively; /, are radiant intensities
from the waveguide and fiber, respectively; 26/' are the respective beam divergences (at
\/e level) after coupling optics (0,'=0/X//x,');
X,

and X/' are distances from the principal planes of the coupling optics to the output

facets and their images, respectively;
A, are distances from the corresponding images of the waveguide and fiber facets to the
gain section facet;
z,' are the offsets of the optical axes of fiber and waveguide images from the optical axis
of the gain section (not marked on the drawing). For the waveguide, the following is true;

•^ii = r -•*^11
-1
^1
where T is the magnification of the coupling optics; Z| is the vertical misalignment of the
waveguide.
The ratio of power densities created by the waveguide and fiber on the front facet
of the gain section expressed in terms of output power and divergences is;

£l

PI

X, A,
exp
P, 9^ ^x, X, A I y

^2
\^2^2 J

(4.4)
J

Here P\ is the output power from the waveguide; PI is part of the power from the fiber
which passes directly through the lens (bypassing the waveguide and wafer). The
following assumptions can be made;
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1. Since A2»Ai, and the vertical offset is approximately the same for fiber and
waveguide, A202»Z2' and therefore

(4.5)

2. For the same reason, the power density produced directly by the fiber does not
change as much as it does for the waveguide during small longitudinal movement. Such a
movement is the simplest alignment procedure, since the fiber and waveguide can be
moved simultaneously without mutual realignment in transverse direction. Any
transverse scanning requires realignment of the fiber relative to the waveguide at each
step and is therefore unfeasible. Thus, the waveguide position for optimum contrast is
close to the position for the maximum power density produced by the waveguide on the
gain section facet (for a given vertical offset). It is easy to show that the condition for this
is:

With this condition, the equation (4.4) can be rewritten:

P\
P2

E PJ

^2 ^2^2
rr, ^

(4.7)

A 20% contrast (between the superimposed light spots and the light spot from
fiber only) means that

(A+p2)-A^
IP\-^P2) + P\

P2
2/5, +/7j

(4.8)
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which means pi/p2=0.5, and, assuming that/'2//'2'=0.25:

(4.9)
Typical coupling optics consists of two lenses with focal lengths 3-8 mm,
depending on the magnification. The obvious way of increasing the contrast [as defined
by equation (4.9)] is to increase A2 and the ratio x^/xi. This can be accomplished by
increasing the length L of the waveguide. In a high-quality waveguide, propagation losses
are low, and power reduction occurs due to coupling and scattering on the Bragg grating.
Thus, increased length of the waveguide does not change P\IPi significantly. In a typical
case, r<l. If L»TF, equation (4.9) can be approximated as follows:

X, ^ L + F
X, « F

=>

-^>0.35
{L^F)E,
P.

(4.10)

A, « r F

If the conditions (4.10) are not met, the only alternative to 2- or 3-dimensional
scanning is the use of maximum output power (or minimum threshold current) of the
external cavity laser as a criterion of alignment. However, if the initial vertical offset is
greater than 3-5 pm, part of the luminescence from the gain section is projected on the
wafer facet or on the SiOa substrate (with reflectance 25% or 4%, respectively). This may
lead to non-DBR lasing which shows the lowest threshold current for the position in
which the conjugate point for the gain section facet is on the wafer instead of the
waveguide. If the output power is measured, it has a maximum at a position where the
conjugate point for the gain section facet is offset from the waveguide (producing an
optimum combination of feedback and output coupling into the waveguide). The exact
location of this "false" maximum can only be calculated numerically. This maximum is
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sharply defined in the vertical direction but less so in the transverse (normal to the
drawing plane) direction, so, if it is used as a reference point for further alignment,
transverse scanning is still required.
If F=4 mm, Z,=10 mm, 2i=30 ^m, 02=4°, the minimum Pi//'2=3.5xlO~^. It is
important to point out that the visible light experiences significant scattering on the Bragg
grating designed for the 1.55-|am region. Thus, the PxIPi ratio for visible light used for
alignment may be significantly lower than in the vicinity of the Bragg wavelength. For
the sample #1 whose spectrum is presented in Fig. 4.14, the maximum transmitted power
(captured by the single-mode fiber) was around 10 nW. At the same time, the maximum
power delivered directly from the input to the output fiber was 58 f.iW. Therefore, the
condition (4.10) for that sample was not met, and thus some vertical scanning was
necessary (using the best side mode suppression ratio at Bragg wavelength as a criterion).
Sample #2 produced sufficiently high output power (see Fig. 4.15) for simple alignment.

4.2.4. Laser characteristics.
The L-I characteristics were measured for CW operation (Fig. 4.16). The laser
setup was first aligned for maximum side-mode suppression at 7=43 mA (where the best
side-mode suppression could be achieved), then the Z-/curve was taken.
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Fig. 4.16. L-I curve for DBR laser with sol-gel grating (Sample #1).
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The radiation was collected from the rear (cleaved) facet of the gain section via a
multimode fiber due to the lack of space for direct detector placement. The threshold
current was 32 mA at 20°C (the threshold current for uncoated gain section used as
Fabry-Perot laser was 22 mA at tlie same temperature). The CW output power (measured
through the fiber) at the DBR wavelength was 0.46 mW at /=43 mA. CW operation at
higher currents indicated the switch to wavelengths outside the Bragg grating peak
reflectance due to thermal effects and misalignment. In pulse mode, with 1% duty cycle
and 5ns pulse duration, the output power of 1.28 mW (measured in the same way as CW
output) was achieved at /=70 mA. Higher power can be achieved by mounting the gain
section p-side down to reduce heating, and more robust packaging providing good
coupling between gain and grating sections.
The emission spectra of the DBR lasers (Samples #1 and 2) at 7=43 mA captured
by the optical spectrum analyzer are shown in Fig,4.17, with transmission spectra of the
grating waveguides on the insets. For Sample #1 (Fig. 4.17, a), the side-mode suppression
was better than 29 dB (the side modes appearing due to residual reflection from the front
facet of the gain section). The lasing wavelength was 1529.85 nm, which is within the
Bragg grating reflectance peak (shown on the inset). For sample #2, the side mode
suppression ratio of 34 dB was achieved (Fig. 4.17, b). Note that, though the shorterwavelength transmission dip (inset in Fig. 4.17, b) is deeper, the lasing is observed at the
longer-wavelength dip. This is due to the fact that the longer-wavelength dip corresponds
to the fundamental mode with higher effective index and lower propagation losses, which
therefore becomes the main lasing mode.
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Fig. 4.17. Lasing spectrum of DBR laser with sol-gel waveguide gratings: a) sample #1;
b) sample #2. Waveguide transmission spectra are shown on the insets.
The single-mode operation was confirmed by the Fabry-Perot scan with higher
resolution than that of the optical spectrum analj'zer (Fig. 4.18). The scan (performed at
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7=43 mA) shows one frequency peak repeated every 2 GHz which is the free spectral
range of the interferometer. The displayed linewidth was limited by the Fabry-Perot
interferometer resolution.
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Fig. 4.18. Fabry-Perot scan of the DBR laser with sol-gel waveguide grating.

A sequence of Fabry-Perot scans with 1 -sec interval were taken to measure the
frequency stability within the time range characteristic for sensing applications (Fig.
4.19). The results indicate the presence of linear drift (1.8 MHz/sec) and fluctuations with
RMS value of 24.2 MHz. In order to determine the instability introduced by the
Fabry-Perot interferometer, a series of test scans were made with the tunable laser as a
reference source. It showed the linear drift of 2.9 MHz/sec and the RMS value of
frequency fluctuations (with drift subtracted) of 10.2 MHz. This leaves the frequency
instability of 21.9 MHz (RMS value) for the DBR laser, with an estimated drift around
-1.1 MHz/sec. It is important to indicate that the DBR laser maintained the single-mode
operation during these measurements. A better frequency stability can be obtained by
using a compact and robust package instead of standard XYZ stages used in the setup.
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Fig. 4.19. DBR laser frequency fluctuations measured with Fabry-Perot interferometer.

In order to measure the DBR laser linewidth, heterodyne technique was used with
the tunable laser as the reference source. The tunable laser had a short-term linewidth of
no more than 300 kHz, according to the manufacturer's specifications. The tunable laser
was adjusted to operate at approximately the same wavelength as the DBR laser using the
optical spectrum analyzer. The differential frequency peak was recorded using the HP
8593E radio-frequency spectrum analyzer (Fig. 4.20). The full width at half-maximum
(FWHM) of the radio-frequency beating peak for sample #1 was within 500 kHz in all
measurements except those where the frequency peak was distorted due to fluctuations
coincident with the spectral scan. For sample #2, the linewidth values of 150 kHz were
measured. Since these numbers include the linewidth of the tunable laser [see equation
(B.2)], this is the upper limit of the DBR laser linewidth.
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Mathematical modeling of the DBR laser (based on the formulas provided in
Chapters 2 and 3) predicted the threshold current of 31 mA (consistent v^th the measured
value) and the linewidth of 10 kHz. The difference between theoretical and measured
linewidth may be explained by lasing frequency fluctuations within the sweep time of the
radio-frequency spectrum analyzer (which was around 300 msec). This is in good
agreement with the RMS value of frequency fluctuations within 32 seconds measured by
the Fabry-Perot interferometer. The most likely sources of the broader linewidth and
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short-term fluctuations were mechanical vibrations and reflection from sol-gel waveguide
(not AR-coated), as well as some small reflection from the gain section front facet. The
latter effect is a well-known cause of semiconductor laser instability and line broadening.
A better stability and narrower linewidth can be obtained by using a compact and robust
packaging and good AR coating on the laser components.

4.2.5. Chemical detection.
For chemical detection, the sol-gel waveguide with Bragg grating was coated with
Teflon AF® which has been shown to change its refractive index in the presence of
volatile organic compounds. The DBR laser with coated waveguide was aligned and the
cunent and temperature adjusted for the best side mode suppression ratio. Then a cotton
swab with acetone or isopropyl alcohol was moved to within 2 cm from the waveguide,
below the waveguide surface (so as to minimize the thermal effects). After 50 seconds,
the cotton swab was removed in order to check for reversibility. The Fabry-Ferot
interferometer was used to record the DBR laser frequency shift, with the tunable laser
serving as a reference source. The results are presented in Fig. 4.21.
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Fig. 4.21. Response of the DBR laser with Teflon-coated grating waveguide to the
presence of IPA and acetone vapors. Organic compounds were introduced at T=20 sec and
removed at T=70 sec.
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The graphs show the change of lasing frequency by 1.2-1.4 GHz in the presence
of acetone and IPA vapor, with partial reversibility within 30 seconds after removal for
IPA and almost complete reversibility (within experimental errors) for acetone. The
reason may be the higher volatility of acetone. Mechanical and thermal effects related to
introduction and removal of chemicals can explain the increased instability of laser
frequency. Most of the frequency shift shown in Fig. 4.21 can be attributed to the action
of chemicals rather than thermal effect (which would be greater in the case of acetone).

4.3. THREE-SECTION EXTERNAL CAVITY DBR LASER
4.3.1. Scheme and characteristics.
The 3-section laser was intended to make the full use of the "modular" structure
of DBR lasers. It included the same AR-coated gain section as in previous experiments, a
sol-gel waveguide, and a fiber Bragg grating with a peak wavelength of 1530 nm and
FWHM of 1 nm (Fig. 4.22). Laser emission was delivered to the measurement equipment
(the same as in Fig. 4.9) via the fiber with Bragg grating and another fiber butt-coupled to
the rear facet of the gain section. The waveguide, coupling optics, and both fibers were
affixed to XYZ positioners for alignment (alignment procedures were the same as above).
Measurement
equipment
1 Gain
/ section

Coating

fWVI

Fiber Bragg
grating

Sol-gel
waveguide

Coupling
optics

TE
cooler

Singlemode fiber

Fig. 4.22. Scheme of the 3-section laser.
The lasing spectrum of 3-section laser is presented in Fig. 4.23. It shows the sidemode suppression ratio about 28 dB (left graph) which is much less than for the 2-section
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laser with the same waveguide quality. The 3-section laser was also less stable in terms of
mode hopping within the Bragg grating peak (right graph). This can be explained by a
lower feedback from the grating, with parashic reflection (from the gain section and
waveguide facets) remaining the same.
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Fig. 4.23. Lasing spectra of the 3-section laser: single-mode operation (left) and mode
hopping within the grating peak (right).
Heterodyne measurements showed the minimum linewidth of around 600 kHz
(Fig. 4.24, a). However, this laser presented more short-term fluctuations compared to 2section lasers (Fig. 4.24, b) which could not be adequately accounted for in heterodyne
measurements with an external reference source.
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Fig. 4.24. Heterodyne measurements of the 3-section laser linewidth: a) lowest linewidth
value; b) effect of short-term frequency fluctuations.
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4.3.2. Chemical detection.
For chemical detection, the sol-gel waveguides coated with the polymer sensitive
to acetone (cyclodextrin) were used. The DBR laser was aligned, and the frequency was
monitored with Fabry-Perot interferometer. After the stable operation was obtained, a
cotton swab with acetone was held at a distance of approximately 2 cm from the
waveguide, below its plane to minimize thermal effects. The frequency change was
recorded using the tunable laser as a reference source (Fig. 4.25).
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Fig. 4.25. Frequency shift under the action of acetone introduced at r=12 sec.
The dynamics of frequency shift is visible in the sequence of Fabry-Perot scans
taken with 1-second intervals (Fig. 4.26). The reversibility was not demonstrated in the
experiments with the 3-section laser due to the fact that it tended to become misaligned
after a short time interval.
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The sensitivity of the 3-section laser experienced variations between experiments
by approximately a factor of 2. In addition, the experiments showing lower sensitivity
also indicated mode hopping (Fig. 4.27).
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Fig. 4.27. Fabry-Perot scans of the 3-section laser in presence of acetone. Acetone was
introduced at /=15 sec.
This could be explained by the effect of parasitic reflections. The feedback from
the external cavity was a superposition of reflections from the fiber Bragg grating and the
facets of the gain section, waveguide and fiber. Of these, reflections firom the facet of the
gain section and the front facet of the waveguide were not influenced by the action of a
chemical. Thus, the total feedback could be presented (neglecting the cross-terms) as a
sum of two effective reflectances: those influenced and not influenced by the chemical.
Each of these reflectances could be adequately characterized by its amplitude and phase.
A better accuracy can be obtained using the scattering matrix formalism (see concluding
remarks to Chapter 3), but if at least one reflectance is much less than 1, the linear sum
gives an adequate estimate. The following approximation for the total feedback is thus
possible:
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r = r, exp(-//fcc) + r, e\p(^-ikx - i<P) = |r|exp(-/Ax - /T)

(4.11)

Here ri and n are effective reflectances, respectively, unaffected and affected by the
chemical (i.e. originating before and after the sensitive section); O is the phase delay
between the two groups of reflections. Since more than one reflection is included in each
group, this phase delay has to be calculated separately using the equations similar to
(4.11). H' is the phase delay introduced into the total effective reflectance relative to the
same reference plane as in (4.11). The equations for the total reflectance are as follows:

'2 cos<D)" + r," sin* <I>

H

(4.12)

r^sincP

T = tan -1

r, +r,
V'l

cosO

The effect of parasitic reflections (represented by ri) is the reduction of the overall
sensitivity best expressed by ctV/dfP:

<AF _
r,'+r|r2 cosO
d0 r," + /•/ + Zr,/*, cos CD

(4.13)

The variation of phase delay AT of the feedback is equivalent to the change of
optical length of the cavity A/opt=AT/(2A:), so that the change of lasing frequency is:

^lap,

Av = v—
^DHR

1 V AT

=

c

cM'

AO

(4.14)

2k

The expression (4.13) is equal to 1 if the parasitic reflections are absent and
comes down to zero if they constitute the major part of the feedback (i.e. ri»r2). It is
also worth noting that larger parasitic reflection means both lower sensitivity [as equation
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(4.14) shows] and lower frequency stability, which is consistent with the experimental
data. While in a 2-section or monolithic scheme the grating feedback can always be made
much stronger that residual reflection from the facets, a 3-section scheme introduces
additional coupling losses in the grating feedback. In the case of a laser with waveguide
sensitive element and fiber grating, these coupling losses may be significant enough for
parasitic reflections to become comparable with the grating feedback. Equation (4.13)
theoretically predicts a possible increase in sensitivity for negative values of cosO (up to
infinity if

and cos<l>->-l). However, the amplitude of the feedback in this case

goes down to near-zero values, which means high lasing threshold and significant
frequency instability, making this effect virtually unusable.
Thus, a 3-section DBR laser offers certain practical advantages, such as
"modular" design, interchangeability, and possibility of producing a variety of cheap
sensitive elements. However, these advantages can only be realized in a very robust
packaging and with good AR coatings on all components. In practical applications, this
design should only be used in differential (two-channel) sensors for better repeatability.
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5. CONCLUSIONS AND OUTLOOK
Fiber- and integrated-optic-based sensors have become popular tools in chemical
and biochemical sensing. A further step in their development has been made via
integration of sensitive elements into the laser cavity. Distributed Bragg reflector (DBR)
lasers have been shown to be the most suitable design for such integration and high
chemical sensitivity. The novel DBR-laser-based sensors have been developed. These
sensors rely on the refractive index change of a sensitive layer incorporated into the DBR
laser cavity. This produces the change of the effective refractive index of the sensitive
section and, therefore, change of the optical length of tlie laser cavity, resulting in the
change of lasing frequency. The frequency change therefore depends on the cavity
geometry (primarily the fraction of cavity length occupied by the sensitive section), field
confinement in the sensitive layer, and the sensitive layer response. The maximum
sensitivity is thus determined by the DBR laser linewidth, which can be made sufficiently
small (down to tens of kHz in existing on-chip lasers). It has been shown to exceed the
sensitivity of passive optical sensors, which is mostly determined by their geometrical
size, since the laser linewidth is much smaller than that of any passive element of
comparable dimensions. The best way to detect the frequency shift is to include a
reference laser in the sensor scheme (identical to the sensor laser but without the sensitive
layer) and measure the differential frequency using heterodyne detection.
Different configurations of the DBR-laser-based sensor have been considered,
including on-chip (integrated) and external cavity designs. An example of
photolithographic pattern designed for manufacturing of integrated sensors has been
presented. This approach allows mass production of chemical sensors or sensor arrays
designed for simultaneous detection of multiple chemicals. It has been indicated that the
"modular" structure of DBR lasers can be successfully used to make possible operation in
harsh environments (for example, in liquids).
The theory developed for DBR-laser-based sensors includes the evaluation of
sensor performance, detection limits, and general operating parameters. It allows
sensitivity optimization by choosing appropriate layout of the sensitive element. This
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layout is shown to be dependent, first of all, on the optical parameters of the sensitive
layer, first of all its bulk absorption, as well as cavity losses due to mirrors and coupling.
The numerical modeling shows the existence of optimum geometry of the sensitive
section (in terms of section length and field confinement factor in the sensitive layer).
This has been shown to be particularly important for high-loss sensitive materials and
volume sensing in liquids, since the range of acceptable parameters of the sensitive
section in this case is narrower than for the low-loss materials.
As an attractive platform for laser-based sensing, sol-gel integrated-optic elements
were developed. Sol-gel waveguides with and without Bragg gratings were incorporated
into the DBR laser scheme. For the first time, single-mode operation (with side-mode
suppression up to 34 dB) was demonstrated for external cavity DBR lasers with sol-gel
waveguide gratings. The laser linewidth measured by heterodyne detection with a
commercial tunable leaser as a reference source varied from 150 to 500 kHz for different
samples. The typical frequency instability (RMS) was 20-26 MHz within 30 seconds.
Also, a 3-section DBR laser (with sol-gel waveguide and fiber Bragg grating) was
assembled and tested. This scheme is potentially attractive because of ""modular" design
and possibility of manufacturing cheap and interchangeable sensitive elements. The 3section scheme tested in this work presented the single-mode operation with side-mode
suppression up to 28 dB and the linewidth within 600 kHz.
The proof-of-concept chemical sensing experiments were conducted with all three
types of DBR lasers including fiber sensitive element and grating, sol-gel grating
waveguides, and 3-section scheme. For the first two types, reversible response to volatile
organic compounds was demonstrated. For a 3-section laser, significant dispersion of
results and lack of reversibility were attributed to a lower mechanical stability and greater
role of parasitic reflections in the optical feedback. The conclusion was made that all 3
designs could potentially achieve higher sensitivity than passive integrated-optic sensors
if operated in a differential configuration. It was pointed out that the 3-section scheme
presented stricter requirements to packaging and AR-coating of facets of cavity elements.

120
Future development of DBR-laser-based sensors is likely to have several major
directions. First, a comprehensive simulation package should be developed, with
emphasis on dynamic laser modeling and adequate account of parasitic reflections and
thermal effects. Such a package would allow accurate error budgeting and development
of reliable sensing schemes, particularly differential sensors where adequate optical
isolation between closely spaced lasers must be provided. It would also allow
development of laser components with parameters suitable for simple and efficient
coupling and, therefore, improve the sensor performance.
Second, the manufacturing process has to be developed in order to make possible
cheap production of differential sensors. The most practicable configuration appears to be
the external cavity design with sensor-coated waveguides formed on glass or other
available substrate (such as Si02/Si). Third, specialized designs for harsh environments
have to be tested. An attractive possibility is the use of active sol-gel waveguides in the
laser sensor. This would allow use of an optically pumped DBR-laser-based sensor in
cases where electrical insulation would be difficult due to corrosive environment of
electrical interference. Finally, schemes of frequency control and measurement suitable
for low-cost, high-reliability sensors have to be developed. In particular, the heterodyne
detection scheme may be integrated with the active elements of the sensor. This would
provide cost and size reduction in mass manufacturing, as well as possible expansion of
usable frequency range.

121
APPENDIX A. CALCULATION OF EFFECTIVE REFRACTIVE INDEX AND
FIELD DISTRIBUTION IN A MULTILAYER SLAB STRUCTURE.
The half-phase shifts at the guiding layer boundaries are determined by the
eigenequation (2.17). The parameters of this equation in the case of a multilayer slab
waveguide (Fig. A.l) can be determined as (Li Y.-F. and Lit J.W.Y., 1990):

(Pto = tan" '/o.ti ^tanh</„

(A.l)
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Fig. A.l. Geometry of a multilayer slab waveguide (by Li Y.-F. and Lit J.W.Y.,
1990).
The parameters \\i±i can be determined recursively as:

(A.2)

V^t, =P±,dt, +tanhP±,
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Here / is the layer number (see Fig. A.l);

(A.3)

A' =^ofe-"f)

1,

TE modes
(A.4)
TM modes

di is the thickness of the /-th layer;

is the free-space wave number.

When the refractive index of a layer with the number other than "0" is greater
than the effective index, the decay constant for this layer becomes imaginary, and the
equation (A.2) has to be rewritten as:

\

y

'

Pi.

;

(A.5)

Here, as in (2.18), h±i is the transverse propagation constant determined by:

(A.6)

The effective index calculation can thus be performed by finding the value of «eff
fitting the equation (2.17) with the parameters defined by (A.1)-(A.6). This is done in the
model through the iterations ending when the consecutive values of «efT differ by no more
than the permissible error. The value of the error depends on the further use of He(T. For
DBR laser modeling, the error value of 10"^ is adequate; for evaluation of effective index
derivatives (such as dnetf/dris) it has to be 10'" or smaller.
Field distribution in the transverse direction is used for calculation of modal gain
and losses, as well as cpupling efficiency. In the slab waveguide model, the field inside
the guiding layer (number "0") is:
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(A.7)
COS^o

The field in other layers can be written as:

(A.8)

This equation is convenient for numerical modeling, since it allows a simple
sequential calculation of field amplitudes at the boundaries starting from the layer
number "0":

(A.9)

For simplicity, equations (A.8)-(A.9) show only the positively numbered layers,
however the model includes the negative layers in the same way. In the actual program,
the guiding layer was numbered "0", so that the only layer below it was the substrate.
One coefficient (in this scheme E-o) is left arbitrary as a reference level; however, as the
field distribution can always be normalized, this coefficient can be put equal to 1.
For the quantum-well structure (consisting of the intermittent high- and low-index
layers with thickness measured in tens of angstroms), the refractive index can be
averaged:

124

J

This allows to reduce the number of layers in the calculation from 10-15 (for a
multiple-quantum-well structure) to 4-5.
The field distribution allows to calculate the field confinement in different layers:

I,

^Eix)fdx
(A.11)
-<35
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APPENDIX B. CHARACTERIZATION TECHNIQUES FOR LASER-BASED
SENSORS
Characterization of DBR-laser-based sensor starts with performance
characterization of the DBR laser itself. This has to include measurements of threshold
current, L-I curve, lasing wavelength as a function of current and temperature, and side
mode suppression. In addition, if the original laser components are used, they also have
to be characterized, since their parameters affect the sensor performance. This includes,
first of all, spectral characteristics of the Bragg grating and the gain (or
photoluminescence) spectrum of the gain section. To determine the suitability for sensing
applications, the single-mode operation has to be verified, and the laser linewidth has to
be measured.
The L-I curve measurements are performed similarly to any other laser power
measurements, with particular attention to protecting the laser cavity from feedback
produced by reflections from external optics. The luminescence and side-mode
suppression (as well as wavelength vs. frequency and current) measurements may be
performed using classical spectral devices, preferably spectral analyzers with wavelength
scan. Since the cavity modes in monolithic semiconductor lasers are typically spaced by
0.2-0.6 nm [as given by equation (2.1)], prism or grating spectrometers have sufficient
resolution for such measurements. Additional requirements include stray light level
(which has to be low enough to allow measurements of side modes without interference
from the main mode which is 10^-10'' times stronger) and sufficient dynamic range.
Lastly, the necessary signal to noise ratio (SNR) has to be obtained for both main and
side modes. In modem spectral analyzers (where CCD detectors are used), accumulating
the signal over a given number N of scans may increase SNR by a factor of ViV . The
same result can be achieved by increasing the scan or exposure time by the same factor.
An example of spectrum recorded without and with averaging is shown in Fig. B.l.
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Fig. B.1. Part of the photoluminescence spectrum of the AR-coated semiconductor gain
section used in the sol-gel grating DBR laser experiments: a) single scan; b) average of
100 consecutive scans. Measurements were done by the author using the HP 70950B
optical spectrum analyzer.
The stray light level varies from 10"^-10"' for standard spectrum analyzers to less
than 10"'" for double monochromators and other specialized systems. Since the stray light
level generally depends on the peak wavelength of incoming light and the wavelength at
which the measurements are to be done, additional characterization is required before
measuring weak side modes. An example of measurements of stray light produced by a
He-Ne laser in the HP 70950B optical spectrum analyzer are shown in Fig. B.2.
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Fig. B.2. Stray light from a He-Ne laser with the peak power (delivered to the spectrum
analyzer) measured at 350 ^iW. Measurements were done by the author.
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Fig. B.2 shows that the stray light level drops from 2.5x10'® to 3x10"' within 50
nm from the peak wavelength. Thus, the side modes with side-mode suppression ratio of
30-40 dB can be measured with sufficient accuracy.
Laser linewidth is usually measured by self-heterodyne method (Fig. B.3).
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Fig. B.3. General scheme of the self-heterodyne method.
The laser emission is divided by the fiber splitter and routed into two fiber
sections, one of which is much longer than the other. Thus, the output form these sections
represents laser radiation at different time moments, separated by the delay produced by
optical length difference of the sections. The finite linewidth results in the different
"momentary" values of lasing frequency emitted at these different times. The light from
these two fiber sections is further combined by a fiber coupler and delivered to the high
speed detector. The detector signal is proportional to the squared amplitude of the
combined electromagnetic wave, which contains the differential-frequency component:
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(£i cos<w,/ + £, cos(o^tf = £|* cos^ co^t + E] cos^ cojt +
+ 2£'|£2 cosG),/costy,/ = ^[£,"(1 + cos2iy,/)+ £3 (l +cos2<y2/)]+

(B.l)

+ £,£,[cos(6>, + iu,y + cos(fi;, -0)2)1]

Here £|, toi, £2 and ©2 denote the amplitudes and frequencies of electromagnetic
waves at the output of the two fiber sections. The double-frequency and summary
frequency terms in (B.l) are demodulated by the detector and transformed in the constant
signal (since these optical frequencies are well outside the bandwidth of any detector).
The differential frequency (<01-0)2) may be measured directly with the radio-frequency
spectrum analyzer, assuming that it is within the bandwidth of the analyzer and detector.
The frequency fluctuations result in a finite-width peak whose width can be measured. In
order to avoid measurements at low frequencies (where the highest noise level is present),
laser emission can be modulated before splitting or in one branch with at a radiofrequency (Or (sufficiently larger than the expected linewidth). This modulation shifts the
observed peak to the frequency C0r+ i (O1-CO21 • Instead of splitting the emission of the laser
in question, optical output from another (stabilized and narrow-linewidth) laser can be
used as a reference signal. If the line shape of both lasers is close to Gaussian and
frequency instability of the reference laser within the measurement time is negligible, the
measured peak width is:

+ ^^1/

(B.2)

It is easy to see that the measured peak width in self-heterodyne method is equal
to the laser linewidth multiplied by V2 . The delay time introduced by the fiber spool has
to be greater than l/Av. For example, in order to use self-heterodyne technique to
measure a 10-kHz linewidth, at least 20 km of fiber (with the effective index of 1.5)
should be used. On the other hand, it is possible to obtain semiconductor lasers with very
stable frequency and small linewidth by locking them to a suitable atomic transition (e.g..
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Nimonji T. et al., 1998; Shevy Y. and Hua-Deng, 1998). However, this technique is only
usable for characterization near suitable atomic transitions and seems unfeasible in the
sensing applications.
The simplified scheme of a radio-frequency spectrum analyzer is shown in Fig.
B.4. The signal passes through the input circuitry (for example, providing impedance
matching) and after amplification is mixed with the linearly chirped reference signal from
the sweep generator. The differential frequency signal is then filtered and, after usual
signal conditioning, displayed. The horizontal axis for the display is formed by the ramp
generator, which also drives the sweep generator.
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Fig. B.4. Simplified scheme of radio-frequency spectrum analyzer.

A critical parameter for measurements utilizing spectrum analyzers is the sweep
time, since it determines the signal to noise ratio (as in any receivers) and also the
frequency resolution. This is due to the fact that the frequency uncertainty is inversely
proportional to the sweep time across the spectral line. Thus, if the frequency resolution
of the spectrum analyzer is Af, the spectral window with that width has to be scanned
within the time A/>l/A/ From this, the relationship between maximum resolution and
sweep rate may be determined:
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(B.3)

where dfldt is the sweep rate in Hz/sec. Thus, the sweep rate has to be limited if
sufficiently high frequency resolution has to be obtained. For example, frequency
resolution of 10 kHz would require the sweep rate of no more than 100 MHz/sec.
Another reason limiting sweep rate is the need for sufficiently high signal to noise
ratio. Since noise power increases with bandwidth of the filter used in the spectrum
analyzer, bandwidth reduction (beyond what is needed for linewidth measurements) may
be necessary for analyzing weak signals or secondary laser modes.
There are two major ways of frequency shift measurements:
i. Absolute frequency measurements where frequency shift is detected directly by
a high-resolution deyice, for example, an interferometer. The dispersion of the results of
such measurements may be determined by:

+ <^Lr + ^

«(A

y- + G; + (T,;,, + A v/,;,,, ,

(B.4)

where Avshon is the short-term linewidth of the laser; Cv" is the laser frequency instability
within the time of the measurement, a^instr is the dispersion of the instrument output. The
last term (Avjnstr) describes the effect of resolution of the instrument.
The classical optical spectrometers or spectrum analyzers haye the resolution (in
frequency terms) of seyeral GHz at best. Thus, the only optical instruments suitable for
absolute measurements of frequency shifts below 1 GHz are interferometers. The
optimum combination of resolution and stability for commercially ayailable
interferometers produces CTjnsir of the order of 3-10 MHz. This error strongly depends on
the measurement time (and, in case of computerized systems, download time). The same
is true for the laser used for sensing which may haye good short-term stability but large
frequency drift within seconds. Thus, within a certain time interyal, the resuhing error of
the instrument may be proportional to the minimum measurement/download time.
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The most popular instrument for direct measurements of laser frequency shift is
the scanning Fabry-Perot interferometer (Fig. B.5).

Focal
plane
Piezodrive

Detector

Fig. B.5. Scheme of a scarming Fabry-Perot interferometer.
The major part of the interferometer is formed by two mirrors at confocal spacing.
The incoming beam is imaged on itself after each quadruple pass through the
interferometer, thus creating the multiple-beam interference pattern. One mirror of the
interferometer is moved periodically along the axis by the piezoelectric motor (usually
ring-shaped). Four traversals of the cavity between beam superpositions mean that the
transmitted spectrum is reproduced with every quarter-wavelength change in mirror
separation. Consequently, the free spectral range (FSR) of the Fabry-Perot interferometer
is given by

FSR = -^ ,

(B.5)

where rig is the refractive index of the air between the mirrors, d is the mirror spacing
equal to the sum of their focal lengths. For example, the mirror spacing of 37.5 mm
produces the free spectral range of 2 GHz.
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It is important to note that the mode spacing of a laser cavity with length d would
be twice the FSR of the Fabry-Perot interferometer as given by (B.5). This is explained
by the fact that the beam inside the laser cavity is diffraction-limited and (as the detailed
analysis of beam propagation would show) is projected on itself after every second pass
through the cavity. Contrary to this, the diameter of the interferometer mirrors is much
larger than the diffraction-limited spot size, so that the beam is projected on itself after
every four passes.
The output beam is focused by a lens on the detector. In a popular design, the rear
mirror is formed on the concave surface of the lens, so that the lens and the rear mirror
are built as one element. The same can be done with the front mirror in order to use
focused input beams or fiber input. The latter allows good compatibility with fiber-optic
systems.
The spectral resolution of the Fabry-Perot interferometer is determined by the
number of interfering beams, which in turn depends on the cavity finesse. The finesse Q
and resolution Av of the interferometer are defined as

Av = FSR

.

(B.6)

where R is the reflectance of the minors. A typical value of Q in commercial
interferometers is around 300, though finesse as high as 10^ has been reported (Burleigh
Instruments, 1994). For an interferometer with the 2-GHz FSR and the finesse of 300, the
maximum resolution is about 6.7 MHz. This resolution is sufficiently high to detect the
single- or multimode operation of a laser, but not high enough to measure the linewidth
of a DBR laser. For other types of lasers with linewidth greater than 5-10 MHz,
linewidth measurements with Fabry-Perot interferometer are possible.
The ability of the interferometer to continuously measure the absolute value of
frequency depends on several factors. Firstly, the firequency is determined with the
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uncertainty equal to an integer number of free spectral ranges; therefore, an initial
reference point is necessary. Secondly, absolute measurements require the stable
separation between mirrors (except for the scanning). In the above-mentioned example,
the absolute frequency measurements with the accuracy limited by finesse would require
the mirror spacing stability better than ^71200, which is usually possible only for short
intervals and with good mechanical and thermal stabilization. Therefore, the most
efficient use of the Fabry-Perot interferometers as absolute measurement tools is
restricted to spectral scanning and other short-term measurements.
An example of the spectrum recorded by a Fabry-Perot scanning interferometer is
shown in Fig. B.6.
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Fig. B.6. Fabry-Perot spectrum of a tunable laser (New Focus® 6262) and external
cavity DBR laser combined with a fiber coupler. Measurements were done by the author
using the Burleigh® SA'^-200 scanning Fabry-Perot interferometer. Note that the peaks
are repeated every 2 GHz and that the amplitude of the DBR laser signal varies in time
within one scan.
This illustration shows both the features of the Fabry-Perot output (especially the
physical meaning of the FSR) and the possibility of fluctuations within the scanning time
produced by both the light source and the interferometer itself.
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2. Differential frequency measurements (using heterodyne techniques or the
above-mentioned optical instruments with a reference optical source). In this case, the
expression for the error introduced by the sensor laser and reference source changes to:

O"" = ^Lr + A ^'L + A

+ 0-;

,

(B.7)

where ps-r is the correlation between frequency shifts of sensor and reference laser. Other
terms are the same as in the previous equation (with inclusion of subscripts indicating the
source). The stability of the measuring instrument is no longer included, as long as it is
good within one measurement cycle.
The choice of the measurement technique is thus determined by the predominant
source of errors. If the major source of error is the linewidth of each source (which is
often the case for classical spectral measurements), absolute measurements may be
preferred. However, in our case, the major sources of error are the instability of the laser
and instruments (around 10-30 MHz). At the same time, reference laser linewidth (which
always adds to the resulting en'or) is around 1 MHz or less. Therefore, differential
frequency measurements with a stable laser as a reference source may produce better
accuracy than absolute measurements. The choice of a specific technique depends on the
requirements to the accuracy, long-term stability and the output data format. For
example, the heterodyne method typically has a very good accuracy, but shows only the
absolute value of frequency difference and has a relatively long scarming time. The
Fabry-Perot interferometer, on the other hand, shows both the absolute value and sign of
frequency difference and is capable of faster scanning, but has lower resolution.
An additional error reduction may be achieved by using a reference laser of the
same type (and placed in the same conditions) as the sensor laser. Ideally, if the
frequency fluctuations are produced mostly by the external influences, ps-r and ascns/Oref
can be made close to 1, thus eliminating the effect of laser frequency fluctuations. This is
the reason why a monolithic (or hybrid with waveguides butt-coupled to the gain section)
sensor may show the best chemical detection limit.
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