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ABSTRACT

The use of InGaAsP semiconductor lasers as radiation sources in gas and liquid
detection is described in this thesis. Single mode operation and tunability were studied
in several schemes including diode lasers with a short external cavity (SXC), diode lasers
with multiple short external cavities (MSXC), and a grating external cavity (GEC) diode
laser. Comparisons of SXC, MSXC and GEC lasers are given in terms of tunability, side
mode suppression ratio (SMSR), stability, and ease of construction and operation.

In highly sensitive gas detection, the harmonic content of residual amplitude
modulation (RAM) fgr current modulation of the diode lasers was studied based on the
concept that the light intensity rather than the electric field is directly modulated by the
injection current. Formulae for RAM and the absorption signals are given for injection
current modulation spectroscopy with diode lasers. Water vapour was detected by using
InGaAsP SXC and DFB diode lasers, and an electronic subtracter was employed to
reduce the detection noise. A sensitivity of = 1.6X10% in units of equivalent absorbance
in an equivalent noise bandwidth of 1.25Hz was obtained.

In liquid detection, InGaAsP laser diodes with multiple short external cavities
(MSCX’s) were developed to provide a wide spectral coverage, up to 72nm spectral

coverage was achieved. Liquid detection by MSXC diode lasers was studied in

iii




conjunction with multivariate calibration methods, i.e., principal component regression
(PCR) and partial least squares (PLS). A sensitivity of 0.1% H,0 in D,0 was achieved
and the limiting noise source was assessed. Three component mixtures of H,O, acetone
and methanol were studied in terms of regression factors and outlier detection in the PCR
and the PLS algorithms.

To achieve even broader tunability by means of external cavity, work on making

broad gain peak InGaAsP/InP lasers was initiated.
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CHAPTER 1 - INTRODUCTION

1.1 Semiconductor Lasers and Trace Species Detection

Since the first semiconductor diode lasers were demonstrated in 1962 [1],
semiconductor lasers have improved steadily with regard to reliability, ease of operation
and cost, and have had a great impact on science and technology. The notable examples
range from optical telecommunication, laser printers, and CD players to applications in
realization of Bose-Einstein condensation [2]. The technology of semiconductor lasers
itself is far from mature. There are many related physics to be studied and many novel

devices and new applications have been proposed and implemented.

The use of semiconductor diode lasers as radiation sources in the trace species detection

has been extensively studied [3}[4][5] and regarded to have a great potential in
environmental pollution monitoring, industrial process control and biomedical diagnosis
[6][71[8][9]. However, the practical implementation of laser diodes is sometimes hindered
by drawbacks such as limited spectral coverage, multimode operation, and excess noise.
Diode laser based spectrometers so far remain as dedicated instruments in laboratories.

One motivation of the work reported in this thesis was to investigate ways to overcome




these limitations and to develop new schemes in trace species detection.

InGaAsP semiconductor lasers are usually designed and constructed to have fundamental
spatial mode, which is critical for coupling light into optical fibres. However they normally
operate with several longitudinal modes [10]. Single mode operation is desired in
spectroscopy for two reasons. First, a diode laser with side modes can give spurious
absorption signals when side modes tune through an absorption line [11]. Second, only

low sensitivity can be obtained due to the mode partition noise in multimode lasers.

There are many ways to obtain single mode operation. Distributed feedback (DFB)
lasers and distributed Bragg reflector (DBR) lasers [12] are primarily designed for optical
communication and use integrated gratings to achieve single mode operation. They are
very compact and easy to operate, but their wavelengths are usually limited to 1.3 um
and 1.55 um where the transmission loss of optical fibres is minimum. DFB lasers and
DBR lasers at other wavelengths are rarely available and expensive. External cavities to
force Fabry-Pérot (FP) type lasers to operate in a single mode are widely used for
spectroscopic work [13]. Grating based external cavity diode lasers offer narrow linewidth
(= 100kHz) output which is very useful for probing atomic transitions. Reviews of application
of diode laser in atomic physics are given by Camparo [14] and by Wieman and Hollberg

[4]. Short external cavity lasers are also used in trace gas detection [15]; they are easy

to construct, compact, and inexpensive.
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Broad spectral coverage or tunability in semiconductor lasers is another highly sought

after feature for spectroscopic applications. To detect trace species, the wavelength of
the diode laser has to be coincident with an absorption line and must be tuned on-off the
line to sense the difference in absorption. The central wavelength of diode lasers are decided
by their material, e.g., devices that operate in the 0.67 um spectral region are based on
InGaAlP, devices in the 0.75-0.98 um spectral region are based on AlGaAs and InGaAs
[4], devices in the 1.2-1.6 um spectral region are based on InGaAsP/InP, devices in the
1.6-2.3 um spectral region are based on an InGaAs/InGaAsP system [16], and Pb-salt
diode lasers operate in a range of 2-30 um [10]. In the quaternary and ternary systems
the emission wavelength of the laser is set by the composition. The tunable range for each

laser is from a few nm to a few tens of nm depending on the tuning schemes.

1.2 Trace Gas Detection with Diode Lasers

High sensitive monitoring of trace gas has become increasingly important as a direct

result of concerns over causes and effects of atmospheric pollution. Many molecules have

vibration transitions in the near-infrared (NIR) and middle-infrared (MIR) regions. The

HITRAN [17] database lists extensive information such as line strength, line centre
wavenumber, linewidths and pressure broadening parameters for atmospheric molecules.
The absorption lines in the MIR region are fundamental rotational or vibrational transitions.
They are orders of magnitude stronger than the vibrational overtone transitions in the NIR

region and permit an order of magnitude higher detection sensitivity. But the MIR region
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can only be accessed by Pb-salt diode lasers which presently require cryogenic cooling

and much more injection current. Today the NIR diode lasers are far more technologically
advanced and economical than Pb-salt devices as a result of a tremendous research effort
driven by the telecommunication industry. To achieve high-sensitivity detection in the NIR
region, a variety of modulation techniques have been investigated [18][19][20]{21]
[22][23][24][25]. These methods can be divided into two groups according to
the modulation frequency: one- and two-tone frequency modulation (FM) techniques in
which the modulation frequency is of the same magnitude as the absorption linewidth,
with reported sensitivities of the order of 1X107-1x10% fractional absorption
[26][271[28]1[29][30], and wavelength modulation (WM), performed at frequencies
that are substantially less than the absorption linewidth, with sensitivities of 1 X 10%-4 x10
[311[32][15][33][34]1[35][36]. Many investigations have been performed to
demonstrate the use of NIR diode lasers in trace gas detection. Table I lists some important

molecules and projected sensitivities in the NIR region [7].

1.3 Trace Liquid Detection with Diode Lasers

Many materials in chemistry or industrial quality and process control are in a liquid
state and have absorption peaks in the NIR and MIR region. Traditional optical measurements
are performed by Fourier-transform infrared (FT-IR) spectrometers which are bulky and

expensive. There is a need for a quick, compact, and inexpensive method of liquid detection




Table I
0

Mol. Wavelength Line Strength Line w1dth Sen51t1v1t
A (um) S(cm?emolteem™) y (ecm')*  (ppm-m)’

~

CH, 1.651 8.7x102 0.05
co 1.567 2.3x10°3 0.066
co, 1.573 1.6x10°3 0.06
HBr 1.341 2.1x10°3 0.08
HCl 1.747 1.2x10°% 0.092
HF 1.330 1.3%10°%0 0.033
HI 1.541 3.1x107% 0.06
H,0 1.365 2.1x10°% 0.095
H,S 1.578 1.3x10°% 0.175
NH, 1.544 3.7x107% 0.06
NO, 0.800 5.0x10™3 0.073
0, 0.761 7.7%x10°% 0.056

*® ® e @ o * @ o & s o 0
HFONNONOO®NOO
ohOR
o w

OWHOFROOOOMdMWO

* ~_Air-broadened half width y at 1 atm
Concentratlon-pathlength Cx1 of the given molecule that
could be detected w:.th a S/N ratio of one in a 1 Hz
bandwidth for a 10°® absorption sensitivity.
L ]

and identification. However, there appears to be little activity in the application of diode
lasers to the detection of liquids even though available wavelengths from diode lasers in
several different material systems can cover the NIR region from 0.7 to 2.5 pum. This
is because the spectral features in the liquid state are much broader than the analogues
in the gaseous state [37], and the spectral coverage provided by temperature or current
tuning of diode lasers is not adequate to perform reliable liquid detection and identification.
Another difficulty in general with NIR spectroscopy is the lack of structural interpretative
values compared with MIR spectroscopy. Many overtone bands related to O-H, C-H, and
N-H groups fall within this region and thus the spectrum of even a simple mixture is the

sum of several bands that overlap.

The development of chemometrics in recent years has significantly changed the outlook
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of NIR spectroscopy [38]. Calibration methods based on a principal component regression

(PCR) and a partial least-squares (PLS) analysis yield good predictions for mixtures and
even for biological samples that have complex spectra. In recent years there has been activity
in the applications of NIR spectroscopy as an analytical tool to replace traditional slow,
wet chemical methods in process control, the food industry, and noninvasive medical analysis

[39].

A multiple short external cavities (MSXC) scheme to force diode lasers to operate
on 18 distinct modes with a spectral coverage of 72nm was developed and is reported in
this thesis [40]. This spectral coverage was achieved at constant current and room
temperature and is considerably greater than the = 10nm tunable range achieved by a DFB
with a AT=100°C, or the = 35nm single mode spectrum coverage offered by a short external
cavity laser witha AT=130°C [15]. The MSXC technique greatly facilitates the application
of diode lasers in liquid detection, and provides an opportunity to combine the advantages
offered by diode lasers with the predictive ability of the muitivariate analyses, e.g., PLS

and PCR modelling.

Some novel integrated tunable diode lasers such as micro-machined external cavity
laser or sampled grating DBR lasers have been reported recently [41][42]. These lasers
can be tuned over a few ten nm and are primarily designed for wavelength domain multiplex
(WDM) telecommunication. As has happened with NIR diode lasers used in gas state

detection, the lasers designed for WDM can be used in liquid detection after they become




widely available.

1.4 Goal and Outline of the Thesis

The goal of the research reported in this thesis was to study schemes to achieve
single mode operation with wide tunability, which includes the use of short external cavity,
multiple short external cavities and grating external cavity, and to apply tunable lasers
in sensitive trace gas and trace liquid detection. The development of the MSXC lasers
and the GEC lasers, and comparison among the SXC lasers, the MSXC lasers and the
GEC lasers are described in Chapter 2. In Chapter 3, trace gas detection by diode lasers
and an analysis of the harmonic content in modulation spectroscopy with a semiconductor
diode laser under injection current modulation are reported. An electronic subtracter scheme
was developed to achieve high sensitivity by subtracting the excess laser noise. In Chapter
4 applications of MSXC lasers in liquid detection are summarized. A phase sensitive detection
scheme and wavelength discrimination method are described. The PCR and PLS were
used to process the multiwavelength data. The performance of liquid detection is studied
in the system of H,0 in D,0 and in a three mixture system of H,O, acetone and methanol.

" Chapter 5 describes the design of a broad gain peak multiple quantum well laser and initial

results on the performance are presented. Finally, the results of the thesis and topics for

future research are summarized in Chapter 6.

The work in this thesis has been presented at CLEO’96 conference [43] and accepted




8
by Optoelectronics’97 conference [44] and reported in four publications [38][45][46]

[47].




CHAPTER 2 - Operation and Construction of Tunable Single-Mode Diode Lasers

2.1 Introduction

Single mode operation and a large tunable range are two key features in the application
of semiconductor diode lasers in the detection of trace species. Although Fabry-Pérotdiode
lasers are compact, easy to operate, low cost and available for many different wavelengths,

they typically operate multimode and only have a limited tunable range by varying temperature

or injection current. External cavity lasers retain, in large measure, the merits of solitary

cavity diode lasers and in addition provide an improved performance in terms of single
mode operation and tunability. There are many types of external cavity lasers; the choice
depends on the specific applications. In this chapter the theory, construction and characteristics
of a MSXC laser and a GEC laser are described. The qualitative operation of the external
cavity lasers is explained by considering the effect of the external cavity on the reduced
loss of the solitary laser. The basic design and construction of a MSXC and a GEC are
given. The performance of a SXC laser, a MSXC laser and GEC laser is reported and
compared in terms of side mode suppression ratio (SMSR), tunable range, stability and

ease of construction and operation.
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2.2 Fabry-Pérot Diode Lasers and Grating External Diode Lasers

A lasing action requires both optical gain and optical feedback. Diode lasers consist
of layers of epitaxially-grown semiconductor that form a p-n junction [47]{48]. Forward
biasing the diode laser creates an electron-hole population inversion and thus produces
optical gain in the active region which is a very thin layer (~0.1 um) located between
highly doped p and n-type semiconductor. The active region confines charge carries because
it has a smaller band gap than that of surrounding semiconductor layers, as well as photons
because it has a higher refractive index than that of the surrounding layers. Optical feedback
is provided by the interface formed by the cleaved facets and air with a reflectance of 0.32

for InGaAsP lasers.

A schematic representation of a Fabry-Pérot type diode laser with a length of active
region L,, facet reflectivity coefficients r, angl I,, and net gain (gain minus loss) g, for
electric field is as shown in Fig. 2.1(a), and if one ignores the contribution from the
spontaneous emission, then the round-trip condition for steady-state laser operation, which

requires no change in the amplitude of the electric field after one pass through the cavity,

is [47]
—ami = (1)
r,r,exp(gzly-4ningL,/A) =1,

where n, is the effective refractive index of the active region. Equating the real parts of

Eq. (1) gives the threshold condition
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Fig. 2.1 (a): A schematic representation of a Fabry-Pérot type laser. (b): An
illustration of the gain, the loss and the laser cavity modes as a
function of wavelength in a Fabry-Pérot type laser. (c): A spectral
output from a Fabry-Pérot type laser, the mode spacing is =1 nm
for a 250 um long laser.
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gd=_11,_1n(1/r1r2). (2)

d

Once this threshold gain is reached by sufficient carrier injection, lasing begins and the
gain is "clamped" at the threshold value. Equating the imaginary parts of Eq. (1) gives

the muitiple frequency solution

v =_Ic (3)
T 2n4Ly’
and the separation of the laser modes
._ ¢ (4)
Av 20,5,

where m is a positive integer and n, is the effective group index of the active region.

In the above description of diode lasers, many mechanisms which affect diode laser
spectrum such as the spontaneous emission, spatial and spectral hole burning are not included.
Due to these effects InGaAsP diode lasers normally operate above threshold with several
longitudinal modes. Illustration of the net gain, loss and cavity modes and a measured
spectrum from a 250 um long InGaAsP index-guided laser are found in Fig. 2.1(b) and

2.1(c).

Multimode operation is undesirable for spectroscopic applications. One solution

is to use a grating to feedback a specific wavelength chosen by setting the grating angle.

Fig. 2.2(a) shows a grating external cavity in Littrow configuration. If the gain profile
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(a): A schematic representation of a GEC laser. (b): An
illustration of the gain, the reduced loss and the enhanced main
mode in a GEC laser. (c): Spectral outputs from a GEC laser.
The mode spacing between each of the 22 distinct modes is
=2 nm.
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is approximated by a parabolic function as shown in Fig. 2.2(b)

g(R) =g,k (A,-1) 2, (%)

where g, k, and A, are the gain at the wavelength of the peak, the gain width coefficient,
and the wavelength of the gain peak, then the lasing wavelength A, corresponds to the point
where the dip of reduced loss intersects the gain curve. If the dip is too far from the gain
centre and can not reach the gain curve, the laser will lase at gain centre wavelength. The

maximum tunable range AA is given by [48]

AA=2( 1 1n IL+§ y1/2, (6)

Lok r,+rir

where r is the lumped reflection coefficient for a single pass in the external cavity, which
includes the efficiency of the lens and the grating, and coupling between the laser and
the external cavity. r, is the amplitude reflectivity of the facet near the lens side. One can
see that AN is decided by the coupling efficiency of the lens and the laser, the grating
reflection efficiency, the length of the laser, reflectivity of the laser facet and the flatness
of the gain peak. Fig. 2.2(c) shows an example of spectra obtained from an InGaAsP laser
with a grating external cavity. A total of ~40 modes are obtained (shown as the every

other mode) and the spectral coverage is about 40nm.

2.3 Short External Cavity Diode Lasers and Multiple Short External Cavity Diode Lasers

The effect of feedback on the control of modes of a diode laser from a short external
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Fig. 2.3 (@): A schematic representation of a SXC laser. (b): An

illustration of the gain, the modulation of the loss and the
enhanced main mode and side modes in a SXC laser. (c):

Spectral outputs from a GEC laser, the mode spacing between
each of the 6 distinct modes is =1 nm.
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cavity has been well studied [49][50][S1]. It can be modelled conveniently by an

effective reflection facet. If the reflection coefficient of the external cavity is r, which taking

account the couping efficiency in Fig. 2.3(a), then the effective reflection coefficient is

r2+r4e (chc—4xiLcnc/L) (7)

Lore 1+r,r,.0 (GoLo-8%3L.n /Ay *
where L, and n, are the length and the refractive index of the external cavity, A is the laser
wavelength and g, is total gain in the external cavity. Equation (7) includes multiple reflections

for modelling very short external cavities.

The dependence of r; on L, and A induces a variation on the loss profile given by

=1 Iy (8)
Ac Laln( Tore(Les A

),
which enables the SXC scheme to select different FP modes. This mechanism of mode
selectivity can be understood by referring to Fig. 2.3(b). The main mode selected by the
SXC is the FP mode that has the lowest cavity loss and is closest to the peak of the gain
profile. When L, is changed by A/2n, the output will cycle once over all possible modes.
In practice, there is a limited usable range of L, to have a maximum suppression of the
adjacent side-modes. A small L, on the one hand, decreases the curvature of the modulated
loss so that the net gain difference of the main mode and the side-modes is reduced. On
the other hand, a small L, will increase the amplitude of modulation loss due to increased

feedback and will increase the net gain difference. As a rule of thumb the best trade-off

is obtained when L, =n,XL/4n, [47].
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Usually fewer than 10 modes around the gain peak can be forced to operate in single
mode with a simple SXC. A small L, is required to obtain the modes far away from the
gain peak, but a flat curvature of the modulated loss due to a small L, will inevitably cause
a multimode operation. It is known that mode structure is very sensitive to the gain difference.
A modulation loss of 1-Scm™! suffices for a side mode suppression ratio(SMSR) of 20-30dB
[47][48]. Fig. 2.3(c) shows the spectral output of an SXC laser for 6 different lengths

of the SXC selected by changing the length of external cavity.

Based on the understanding of the mode selection mechanism in the SXC scheme,
we have developed the concept of the MSXC to overcome the limitation in the SXC and
to obtain broader spectral coverage. In the MSXC scheme there are two short external
cavities as shown in Fig. 2.4(a). The first external cavity has a length of L, =nyXL,/4n,,
where n, is the refractive index of the first cavity. The second external cavity has a length
about ~ 10 um. The feedback from the second cavity defines the region where the main
mode is located in the gain profile, while the feedback from the first cavity provides resonant
enhancement to suppress the side modes around the main mode. Therefore single mode
operation on modes far from the centre of the gain peak can be forced. In Fig. 2.4(a) the
first cavity has a reflectivity coefficient r; and a total gain g,, the second cavity has a reflection

coefficient r, and a total gain g.. We can apply the similar concept of effective facet to

these two cavities [12] by writing two effective reflection coefficients as
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Fig. 2.4 (a): A schematic representation of a MSXC laser. (b): A calculated
curve of the reduced loss a MSXC laser. The feedback from the
second cavity determines the lasing region on the gain curve, the
feedback from the first cavity sharpens the dip of the reduces loss
and confines the laser in single-mode operation. (c): Spectral
outputs from a MSXC laser, the mode spacing between the 18
distinct modes is =4nm.
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I +Ise(gaL,-14xn,L,/l) (9)
I16™

. ’
1+r,r,e (gelg-idmn Lo/ A)

I+, e 9ebeiaxnc/D) (10)

14
1+r,r,e (gLe-idrn L/A)

the round-trip condition for the MSXC laser can be written as

I1,7,,8Xp (gL ~14wn, L, /A) =1. (11)

The variation on the loss profile can be calculated for given L, and A by

2
I
Ld rla'rZe

(12)

In the external cavity regions, there is no active medium and no absorption loss.
But not all light reflected goes back to the active region of the laser and interacts with
the electrons because of diffraction loss. Bonnell and Caésidy [52] have found that the
faction of light reflected back to the laser is less than 107 for a short external cavity. Several
other workers [53][54][55] have also estimated the amount of light fedback to the
laser. The accurate value depend on the dimension of the laser waveguide and is difficult
to obtain. We have used g, and g as parameters to estimate the diffraction loss. An example

of the calculated variation on loss profile is shown in Fig. 2.4(b).

The mode selection mechanism in an MSXC laser can be understood by examining

Fig. 2.4(b). When L, is changed, the minimum loss dip is not moved to the next adjacent
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free-running laser mode as in the SXC case because the adjacent modes are suppressed
by the etalon effect induced by the first external cavity. In this way, the laser will operate
on one mode and then will hop to a mode that is spaced 2-4 free-running laser modes away
as L, is changed. The lasing modes are the modes enhanced by the etalon effect of the
first external cavity and the spacing is decided by L. The modes far away from gain peak
can be forced to lase in a single mode without suffering a poor SMSR due to the flat curvature
of loss modulation, be;cause the etalon effect sharpens the loss modulation peak. An example
of spectral outputs from a MSXC laser is shown in Fig. 2.4(c). In this case the spacing

between the lasing modes is 4 free-running laser modes.

2.4 Construction and Operation of External Cavities Lasers

2.4.1 Grating External Cavity Lasers

Many configurations of grating external cavity lasers have been used [13]; the goal
of our design is to make a stable, simple and compact module. Fig. 2.5(a) shows the picture
of the design. It consists of two components, each piece is an independent flexure mount
and is made of brass to provide the required flexibility. The laser chip is glued to a copper
block with a thermistor(YSI 44006). A Peltier cooler (Melcor FC 0.45-32-05L) is sandwiched
between the copper block and the laser block. A diffraction limited lens (350230-C,
THORLABS) which is glued on the base focuses the beam on the grating and refocuses

the reflected beam back to the laser. A fine thread screw (F25SS-038, THORLABS) on

the back base can be used to adjust the angle of feedback beam within a range of +1.2°.
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The second flexure mount can be screwed on the base with the required angle. The grating
(600 line/mm, blaze angle 0f22.01° at 1.25 um, ruled grating, E43746, Edmund Scientific)
is glued on the second mount. Fine tuning, in the range of +0.5°, is achieved by the second

fine thread screw (F25SS-038, THORLABS).

2.4.2 Multiple Short External Cavities Laser

The SXC scheme has been implemented and successfully used for trace gas detection
[11]. In those experiments the distance between the mirror and the laser was =150 pm.
To achieve a large tunable range in the MSXC, the rear mirror, which functions as the
second cavity, has to be positioned close to the laser(~ 10 um). This is difficult to do with

the previous mount. To overcome this difficulty a 5-axis stage as shown in Fig. 2.5(b)

was designed. This stage can hold the assembly of the laser, the thermistor (YSI 44006)

and the cooler (Melcor FC 0.45-32-05L). It also provides a platform to hold the piezoelectric
transducer (PZT, AE0203D08, NEC or P-171, Physik Instrument) and provides xyz motion,
tilt, and rotation to align the feedback surface parallel to the laser facet and control the
coarse distance from the laser. Because very fine adjustment screws (80 threads per inch,
FAS175 and FAS300, THORLABS) were used to position the PZT, the mirror can be
put very close to the laser facet. The first cavity for single mode confinement feedback
is provided by a thin glass plate (150 um, No.1, Corning Cover Glass) which was held(by
an index matching grease, Q2-3067 optical couplant, Dow Corning) to the front of the

laser.
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The S-axis stage was designed to study the performance of the MSXC scheme and
test new lasers in the lab environment. To make the MSXC laser more suitable for sensor
application, a compact and rugged MSXC laser by using a smaller PZT was made, which
required no adjustment during the operation. The PZT (AE0203D08, THORLABS) had
a displacement of 6.5 um for 100V and a size of 0.2 0.3 x 1.0cm® and was glued down
on the copper block that holds the laser chip. This MSXC configuration is rugged and
stable; it essentially eliminated any mode hops caused by table vibrations or acoustic noise.
A thermistor (YSI 44006) was epoxied in the copper block for temperature feedback. All
of the above components plus a Peltier cooler (Melcor FC 0.45-32-05L), which was

underneath the cooper block for temperature control, had a size of 1X2X3.5cm’.

2.5 Comparison of Different Type of External Cavity Lasers

The GEC, SXC and MSXC have different features and the choice of which one
to use depends on the application. It is useful to compare them in terms of general functions
and operations. Table II gives a comparison among the external cavity lasers. DFB lasers
are included because they are often found in spectroscopic applications. There are many
ways to construct each scheme. Table Il is only a list derived from experience in operation

or construction of these diode lasers. The lasers were all ridge wave guide lasers.

DFB lasers operate single mode and are very easy to use but their wavelengths are

limited around 1.31 pum and 1.55 um and tunable ranges are small. Even though some
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O
DFB GEC SXC MSXC

tunable range: (10nm 20-100nm 10-30nm

=70nm

wavel. availab.: limited fair fair

fair

SMSR: excel. excel. good

moderate

tuning mechanism: temp. rotate mirror
grating +temp.

mirror
+etalon

coverage: conti. conti. conti.

AA~4nm

stability: excel. good good

moderate

construct: complex moderate easy

easy

operation: simple complex moderate

moderate

cost: high high low

low

application: gas gas gas

liquid

other wavelengths have become available now, DFB lasers are usually very expensive.

GEC lasers offer good single mode operation, wide tunable ranges, and available wavelengths.

They also offer narrow linewidth. They are suitable for spectroscopy in laboratories, but

automatically tuned GEC lasers are complicated in mechanics and expensive. SXC lasers

can be easily constructed from Fabry-Pérot type lasers, so the available wavelengths are

less limited. They are suitable for making low cost gas sensors. MSXC lasers are similar

to SXC lasers, except they offer wider tunable range under the loss of complete spectral

coverage. They are suitable to make low cost, compact liquid sensors which need to measure

a broad spectrum at a few nm intervals due to a broad absorption feature.

2.6 Summary




The operation of SXC, MSXC and GEC lasers have been qualitatively discussed by
an empirical model of a parabolic gain profile and a reduced loss. The constructions of
MSXC and GEC lasers have been described. The performance of SXC, MSXC, GEC

and DFB lasers were compared in terms of single mode operation, tunability, as well as

ease of construction, stability, availability and cost. The DFB and SXC lasers described

in this chapter have been used in the work of trace gas detection and injection current
modulation spectroscopy that is described in Chapter 3. The MSXC lasers have been used
in the work of detection of liquids which is summarized in Chapter 4. GEC lasers have
been applied to the characterization of a diode laser with a broad gain peak, as reported

in Chapter 5.




CHAPTER 3 - MODULATION SPECTROSCOPY AND TRACE GAS DETECTION

3.1 Introduction

Tunability, low cost, simplicity and cw operation at room temperature have made
diode lasers widely used in laser absorption spectroscopy for trace gas detection
[BI[41[561[571[581[591160][15]. Despite these advantages, the practical
implementation of diode lasers is limited by excess noise, sensitivity to optical feedback,
injection current fluctuations, and optical fringes. To achieve high-sensitivity detection,
frequency modulation (FM) and wavelength modulation (WM) schemes are widely used
in diode laser spectroscopy in which the detection sensitivity is maximized by narrowing
the detection band and shifting the detection band to high frequency to avoid excess noise,
i.e., 1/fnoise. Although a similar strategy is employed in the two techniques, the techniques
evolved from different origins. WM was used with lead-salt diode lasers by direct current
modulation [61][19] and with a modulation frequency in the 1-100kHz range. FM
spectroscopy was first employed by Bjorklund [18] in dye laser spectroscopy and an external
electro-optic modulator was used with a modulation frequency in the GHz range. Since
then variations on the methods have been developed, such as high frequency WM modulation

[62][26], two tone WM modulation [21], one and two tone direct current FM modulation

27
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[23][63] and double-beam subtraction in both FM and WM [64][43]. Many of these

variations have used near-infrared diode lasers which were developed for fibre-optic
communication and have better performance in terms of linearity of the L-I curve, temperature
of operation and threshold current [55][34], than Pb-salt diode lasers. Recently some workers
[22][65] have shown that FM and WM can be considered in an unified frame and
formalism, and that the distinction is that in FM the modulation frequency is of the same
magnitude as the absorption linewidth whereas WM is performed at frequencies that are

substantially less than the absorption linewidth.

The formalism for FM modulation is typically based on the concept that the electric
field of the laser light is modulated [18]. It is the correct description for a laser with an
external modulator [18){66][67][62]{68], be it a dye laser, a solid state laser, or
a diode laser. However, the formalism has lately been extended to FM spectroscopy with
diode lasers employing current modulation [69]1[70][71]1[23][261[61][22], where
it is the light intensity rather than the electric field that is directly modulated. By stating
that the intensity is directly modulated we mean there is a linear relation between the
modulation of the intensity and the modulation signal. For first harmonic (1f) detection
the concept of FM based on a modulated electric field gives a correct result only if terms
of second order or higher in the amplitude of the current modulation are ignored. Confusion
about detected signals arises when second harmonic (2f) detection is considered. For example,

there is a constant 2f background present according to the modulated electric field FM

theory [22] even when there is no absorption.
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Subtraction is another commonly used method to reduce the noise. The concept
is that when a laser beam is split into a signal beam and a reference beam and both of
them are detected by similar photodiode detectors, since the optical systems (lenses, beam
splitter and detectors) exhibit excellent linearity and temporal bandwidth, a subtraction
of the detector outputs of the signal and reference channels should cancel waveforms that
are common to both channels. Thus it is possible to reduce, in the subtracted signal,
contributions from diode laser noise, optical feedback, optical fringes, and the background

signal.

In the first part of this chapter, we present an analysis for the modulation spectroscopy
of a diode laser based on the concept that the light intensity is directly modulated by the
injection current. We also show that 2f detection can be considered in an unified frame
of FM and WM. Experimental confirmation is given by measuring 1f and 2f signals from
a sinusoidally current modulated DFB laser and a 2f water vapour spectrum in WM. In
the second part of this chapter, highly sensitive detection of water vapour is presented.
A subtraction scheme to reduce the noise, background signal and dynamic range required
of the lock-in amplifier for second harmonic (2f) detection in the 5-20kHz frequency range
(wavelength modulation) is described. A 1.39 um SXC laser is used with an electronic
noise subtracter. A beam noise level (defined as 2 X the rms value) equivalent to a line

centre absorption of 1.6X10®° was achieved with an ENBW of 1.25Hz for 2f detection

at 10kHz.




30

3.2 Modulation Spectroscopy of Diode Lasers

3.2.1 Theory Overview

For an ideal diode laser each electron of the current above the number required
to achieve threshold will create a stimulated photon. A reverse process happens in a
photodiode where an absorbed photon will create an electron-hole pair. The photodiode
is therefore called a square law detector because the resulting photocurrent is proportional
to the square of the electric field of the light, i.e, intensity of light [72]. The process
involving a photon and an electron-hole pair is linear in the current flowing in the diode
laser and the current flowing through the photodiode. A perfect diode laser (i.e., one with
a linear L-I curve) which is current modulated sinusoidally above the threshold will have
a sinusoidally modulated light intensity. The detected photocurrent from a photodiode which

is exposed to the laser beam will be a sinusoidally modulated signal.

Based on the above consideration, the electric-field amplitude of the perfect diode

laser after direct current modulation at frequency w,, can be written as

E(t) =E,[1+Msin(w,t+{¥)]1/2exp (iw,t+ifsinw,t) (13)

=Egexp (1w,t) [1+Msin (w,t+¥) 12y J, (B) exp (inw,t),

nm=—-

where w, and wy, are the optical frequency and the modulation frequency, y is the phase
difference between amplitude modulation and frequency modulation, and J, is the nth-order

Bessel function. M is the amplitude modulation index and is defined as the maximum

excursion in light intensity Al divided by the time-averaged intensity I, (see Eq. 20). 8
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is the frequency modulation index, which can be obtained by dividing the maximum excursion
in the instantaneous frequency Bw,, with the modulation frequency w,. In WM, @ is mﬁch
larger than 1 and w, is much smaller than the width I of the spectral feature of interest,
whereas in FM the modulation frequencies can be up to several gigahertz so that w, > I’

and B is usually less than 1.

By using expansions in Appendix A, Eq. (13) can be written as

E(t) =Ejexp (iwyt) Y ryexp(inw,t),

n=-m

where r, is given by

1= ao s (),

km=ce

bad 1.3.5...(4]'-3) .
a =1—z: - M3,
= AU R TR

a,=-1k.gike = 1'3'5”'(4j+2'k|+e’7) M2_7'+|k|-2 ,
x =1 299020kl (G4 |k[-1) 1 (F-1) !

where €=2: for k=x1 with j=1
€=0: otherwise.

After the laser beam passes an absorption sample with a complex transmission function

T(w,) =exp(-6,-ip,), where §, is the field amplitude attenuation and ¢, is the dispersion
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at w,, the transmitted optical field is

s 18
E,(t)=Esexp (iw,t) Y T(w,) r exp(inw,t), (18)
nm—m
and the transmitted optical intensity is then
(19)

Ir(t)=8—iE§Z Y. T(w,) T* (@) r,r expli(n-n') w,t].

n=—w ploe
This expression is valid for arbitrary modulation indices M and 8 and arbitrary line shapes
d, and ¢,. Simplifications can be made for many cases such as small M, 8 and for weak
absorption (6,,¢,<¢ 1) [61][63]. With a square-law photodetector, a signal that is modulated
at w,, and its harmonics can be coherently detected by a lock-in amplifier in WM or a radio
frequency mixer in FM. By selecting the terms of n“=n+q and n“=n-q in Eq. (19), and

I,=cEy/87 the qth harmonic signal is obtained as

- (20)
I (t)=Iexp(iqu,t) Y. r,. r.exp (-8, -i,. -8, +id,) +c.c.

n=—-

It is important to examine the residual amplitude modulation (RAM) background
signal (when 6, = ¢,=0) in understanding the limitation of detection sensitivity [22][61][62].

By letting 6,=¢,=0, using [73]

Y T (B) Ty (B) =0 (0) =y, (24)

n==ce

and Eq. (20), the RAM signals for different harmonics are given as
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I, . £=0 (22)
Ipa=| ToMsin(w,t+¢) £=1
0 £22

This result is expected from the square of Eq. (13). It is different from the results that
assume that the electric field is directly modulated by the injection current [22]. Equation
(22) is in agreement with the experience in 2f WM detection and helps to explain why
2f detection shows no signal when no absorption is present, and has better sensitivity than
If detection. For two-tone modulation, a similar formalism can be obtained by using r,
in Eq. (16) in Cooper’s equations [23]. It can be shown for two-tone modulation that the
1f RAM signal is proportional to M? and that the 2f RAM signal is zero for a diode laser

with a perfect L-I curve.

3.2.2 Experimental Results and Discussion

It can be seen that the major difference between electric field modulation and intensity
modulation is in 2f detection with large M, i.e., in the WM spectroscopy region. Therefore
the concept of the intensity modulation is easier to verify in the WM regime. We used
a 1.31 um DFB laser to see the RAM signal response to the amplitude modulation index
M. The laser had a threshold of 34mA at 22.0°C and its L-I curve is shown in Fig. 3.1(a).
The laser injection current was biased at 50.6mA and modulated by a sine wave of amplitude
6mA at frequency of SkHz. The light was detected by an InGaAs photodetector which

was placed close to the laser facet to minimize distortion due to water absorption in the

air. The waveform of sine current modulation signal as recorded with a digital oscilloscope
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Fig. 3.1 The laser is biased at 50.6mA and sinusoidally modulated by the
injection current in the linear portion of its L-I curve shown in
(a). The sine waveform of current modulation with an amplitude
of 6mA and the output from the photodetector are recorded by a
digital oscilloscope and shown in (c) and (b) respectively. The
sine waveform from the detector shows that the intensity of the
laser light rather than the electric field is sinusoidally modulated
by the injection current.
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Fig. 3.2 1f and 2f signal from the lock-in amplifier and 2f/1f ratio verses
the amplitude modulation index for a sinusoidal injection current
modulation. Even including the contribution from the
nonlinearity in the driving circuit and the L-I curve, 2f signal is
close to zero. The measured 2f/1f ratio is also close to zero and
far from M/4 predicted from a modulated electric field theory.
Figure 3.2 shows the validity of the analysis of a modulated
intensity discussed in the text.
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is shown in Fig. 3.1(c). Note that the detector output as shown in Fig. 3.1(b) is a sine
wave with a voltage amplitude of 100mV. It is obvious that the intensity of the laser output
is sinusoidally modulated. We measured 1f and 2f signals for different amplitude index
M by a lock-in amplifier. Fig. 3.2 shows that the dependence of the 1f, 2f signal and the
ratio of the 2f to 1f on M. According to Eq. 10, the ratio is zero, whereas in the concept
in which the electric field is sinusoidally modulated by the injection current, the ratio is
M/4 [22]. Fig. 3.2 shows that the ratio agrees with Eq. 10 and verifies that a modulation
of the intensity is the correct description for diode laser spectroscopy with injection current
modulation. The increase in 2f signal is caused by the nonlinearity of the modulation circuit
and the nonlinear L-I curve of the diode laser as seen in Fig. 3.1(a). In FM region where
the modulation frequency is close to the relaxation frequency of the diode laser, the response
of the diode laser to the injection current modulation is more complicated, but we believe
that direct modulation of the intensity by the modulation of the injection current should

be the first order of approximation.

2f detection is almost invariably used in the WM spectroscopy, because the RAM
background is essentially zero and the 2f signal has a peak at absorption line centre. From
the above discussion one can see that the background (i.e., RAM) of 2f is essentially zero,
which permits to use a more sensitive scale of a lock-in amplifier for a very weak absorption.
In FM spectroscopy, 2f detection is rarely used because a very fast detector is required.

To overcome nonzero background, two-tone FM is usually employed in which the background

is proportional to the second order of M and the detection can be done in a much lower
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frequency range (~MHz). 2f spectrum can be shown to have approximately a shape of
the second derivative of the absorption line [74][9] in WM, while in FM the derivative
feature is not very clear although the FM formalism is a more complete description in
the sense that it includes the dispersion. We now show the FM and the WM can be unified
for the case of 2f detection under the condition of M=0 for pure frequency modulation

and weak absorption.

From Eq. (20), for M=0, r, is replaced by J,, and the second harmonic component

is given by

I,,=2J,J_,exp(-28,) exp (-8,-6_,+28,) cos (2w,t-¢,+d_,)

+2exp (-28,) Y J,J,,, lexp (-8 ,-8,,,+28,) cos (20t~ ., +P,)
=0
+rexp (-8..-8__,+28,) cos (2w t+d_,_,-d_) 1.
(23)

Because the sidebands (spacing w,) are very close to each other in WM, the absorption
and dispersion difference for adjacent sidebands are therefore assumed to be constant Ad
and A¢, for the weak absorption, | §5-8,, | =nAd < 1 and | ¢¢-¢,, | =nA¢ < 1 for
all n. By expanding exp(nAd), cos(nA¢) and sin(nA¢) in Eq. (23) in a Taylor series and
keeping the terms up to the second order of Ad and A¢, Eq. (23) can be simplified to

I,,=2J,J_,exp (-238,) [2A¢sin(2w,t) +(1-A28-2A2¢) cos (2w, t) ]
(24)

+2exp (-28,) ¥ J,J,., [2+2n(n+2) A28 -4A%p] cos (2w ,t)

n=Q

+8Adexp (-28,) Y J,J,.,8in(2e,t) .

n=0
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By using [71]

= 25)
Ty T +2Y Tp0p.2=0, ¢

n=0
it can be seen that terms in first order of Ad and A¢, and terms in second order of A
vanish in Eq. (24), which is consistent with the absence of dispersion information in WM,

and the remaining terms of second order of A term are

I,,=4exp(-28,) A%8cos (2w0,t) ¥ (n+1)2T,(B) J,., (B) . (26)

n=0
Furthermore the sum in Eq. (26) converges to 8%/8 [75] and dé/dw=Ad/w,, for the small
wy in the WM case. Finally, the 2f signal detected by a lock-in amplifier around the
absorption line centre is

_ A8%p2 _ AS*p2wp
2 2

I2f

=1 2 (27)
> (Pw,)?.

d?3
dw?
Eq. (27) is from a more rigorous treatment of 2f detection in the sense of including dispersion
than the usual analysis in WM frame [19][9]. It shows why there is no dispersion signal
{terms with A¢ vanish in Eq. (24)} and that the maximum variation on instantaneous

frequency in WM theory can be shown as a product of frequency modulation index 8 and

modulation frequency w,,, and the 2f signal has a second derivative line shape.

The same DFB laser was used to detect water vapour over an 18m passlength with

a pressure of 200 Torr. The output of the laser was sinusoidally modulated at 5kHz by

modulation of the injection current and tuned by temperature. Fig. 3.3(a) shows the 2f
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modulated by the injection current at 5kHz and its centre
frequency is scanned by changing the temperature. The spectrum
has a zero 2f background and a second-derivative absorption line
shape.
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spectrum recorded by a lock-in amplifier together with a 2f spectrum calculated from the
HITRAN database [17] as shown in Fig. 3.3(b). The spectrum shows the typical feature

in 2f WM detection, i.e., little 2f background signal and a second derivative line shape.

3.3 Highly Sensitive Detection of Water Vapour

3.3.1 Experimental Apparatus and Techniques

The experimental apparatus and detection electronics are shown schematically in
Fig. 3.4(a) The noise subtracter, which is simple to build and inexpensive, automatically
adjusts the subtraction ratio by using the difference between the DC photocurrents in a
signal and a reference arms as a feedback signal and described in reference [43]. This
scheme effectively reduces the signals common to both arms which includes optical feedback
noise, optical fringes, and power supply pickup. In addition, the noise subtracter reduces
the 2f background and reduces the dynamic range required of the lock-in amplifier by
nuiling the 1f intensity modulation signal. The performance of the subtraction scheme was
tested with a 1.39 um short external cavity (SXC) [15] laser. The SXC laser had temperature
and current tuning rates of 0.3cm'/K and 0.05cm?/mA, respectively. The SXC systems
allows the single mode operation of otherwise multimode lasers [15][32][33]. The laser
light was collected by a singlet lens and two beam splitters were used to separate the output

into three beams: a signal beam, a reference beam, and a beam for wavelength identification.

The signal beam was routed through a White cell that was filled with water vapour and
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Fig. 3.4 (@): Schematic diagram of the apparatus used for second
harmonic detection. The output from either the signal detector
or from the noise subtracter could be directed to the lock-in
amplifier. This allows results with and without the noise
subtracter to be compared. (b): Spectral base-line scan with and
without noise cancellation. The scans were obtained for 10 Torr
water vapour in 200 Torr air. 17 dB noise reduction was
achieved.
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was set for a 4m pass length. With the exception of the path in the White cell, the lengths
of the signal and reference beams were approximately equal. All components in the optical
path were carefully aligned in order to reduce the cause of optical feedback and fringes:
the surface of detectors were tilted away from the optical axis by > 10° and the light was
focused onto the detector material and not the surrounding case. All components were

cleaned so that scattering was minimized.

The injection current was modulated by a sine wave at a frequency of 5kHz and
second harmonic detection was used to obtain high sensitivity. The mean value of the
wavelength of the laser was scanned by ramping either the injection current or the temperature
of the laser. The outputs directly from the signal detector or from the noise subtracter
were input into a lock-in amplifier, and the results were compared. To clarify different
noise sources, we classify the noise into detector noise, beam noise, and modulation noise,
and measure the noise level in terms of an equivalent absorption signal [32]. The modulation
noise we take as 2 X the rms variation in the output of the lock-in amplifier in the absence
of an absorption signal. The beam noise we take as 2 X the rms variation of the lock-in
output when the current modulation for 2f is turned off. The detector noise we take as
2 X the rms variation in the output of the lock-in when the laser beam is blocked. To obtain
the equivalent noise, 2 X the rms variation is normalized to the magnitude of the 2f absorption
signal and multiplied by the peak absorbance of the absorption profile. Normally the detection

sensitivity is limited by the modulation noise, usually due to optical fringes and optical

feedback noise, before the photon shot noise limit is reached [76]. The implementation
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of the noise subtracter effectively reduces the excess noise. To demonstrate reduction of
modulation noise, the White cell was filled with = 10 Torr of water vapour and 200 Torr
air. Fig. 3.4(b) shows scans obtained from the signal detector and from the noise subtracter.
The noise subtracter effectively reduced the modulation noise, as much as 17dB noise

reduction was obtained in this scan.

3.3.2 Sensitivity of Absorption Detection

To determine the sensitivity, an absorption line with a weak but measurable direct
absorption (i.e. 1-5% at line centre) was selected. The absorption was measured by detect
detection (mechanical chopper) and by 2f detection. This provides a calibration of the
amplitude of the 2f signal in percent absorption. The laser was then tuned to a nearby
spectral region where there were no absorptions lines and the modulation noise, the beam

noise, and detector noise were recorded.

An example of the noise levels obtained using the SXC laser is given in Fig. 3.5.
The scan was taken at a total pressure of 35 Torr, 10kHz second harmonic detection with
temperature ramp and an ENBW of 1.25Hz. Fig. 3.5(a) is the second harmonic signal
with the largest absorption peak about (54 1)% absorbance. Fig. 3.5(b) is the scan in the
same region with a more sensitive scale. The three traces in the inset are modulation noise,

beam noise and detector noise. Two times the rms values of the scans are equivalent to

absorptions of 2.7X10%, 1.6 10 and 6.2x 107, respectively. The beam noise, which
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Sensitivity of second harmonic detection using the subtraction
circuit. (a), (b) are second harmonic scans of the water vapour
lines at a total pressure of 35 Torr. The three traces in the inset,
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limited by the shot noise after noise cancellation.
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ultimately decides the sensitivity of the second harmonic detection, is limited by the shot
noise after noise cancellation, as is shown by a simple calculation of the shot noise based

on the dc current in the detector.

3.4 Summary

The difference in FM and WM spectroscopy between a diode laser with an external
modulator and a diode laser modulated by the injection current has been discussed. In the
later case, it is the light intensity rather than the electric field that is directly modulated
by the injection current. Formalism based on this concept has been developed and an unified
frame for FM and WM in 2f detection has been given. 2f detection in WM is given to
special attention because it has the larger difference between a directly modulated field
and a directly modulated intensity. Experimental confirmation has been carried out by

a 1.31 um DBF laser in 2f WM detection.

Second harmonic detection with an electric noise subtracter is described in this chapter.
The noise subtracter, which is simple to build and inexpensive, automatically adjusts the

subtraction ratio by using the difference between the DC photocurrents in a signal and

areference arms as a feedback signal. This method effectively reduces the signals common

to both arms which includes optical feedback noise, optical fringes, and power supply
pickup. In addition, the noise subtracter reduces the 2f background and reduces the dynamic

range required of the lock-in amplifier by nulling the 1f intensity modulation signal. A
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beam noise level (2 X rms value) equivalent to a line centre absorption of 1.6x10° with

an ENBW of 1.25Hz for second harmonic detection at 10kHz was achieved.




CHAPTER 4 - APPLICATION OF MSXC LASER IN LIQUID DETECTION

4.1 Introduction

The near-infrared(NIR) spectral region is generally defined as a region from 0.7
pm to 2.5 um; most of this region is covered by diode lasers developed for optical
communication systems. The liquid absorption bands in the NIR are overtones and
combinations of the fundamental mid-infrared (MIR) molecular vibration bands [35] and
these bands are typically )10 times weaker than the fundamental bands in the MIR region
[77]. The weaker absorption is, in some sense, a blessing because the absorptance of

a liquid is usually very strong for the cells of Imm-10cm pathlength. In the NIR then,

these cells can be used for many samples without extensive preparation procedures such

as dilution and are much easier to work with than the 0.01cm sealed solution cells generally
used for MIR work [35]. In addition, the detection system is relatively simple in the NIR

region in terms of sources, detectors, and optical components such as lens and windows.

In this chapter the application of MSXC lasers in conjunction with the PCR and
the PLS algorithms in detection of H,0 concentration in D,0 and in mixtures of H,O,

acetone and methanol is described. The application of the PCR and the PLS in the detection
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scheme are studied in term of the regression factors and the detection of outliers. The limiting

noise sources were determined by modelling synthetic data.
4.2 Multivariate Calibration (PCR and PLS)

The PCR and the PLS algorithms [78]{79] used in this work are given in Appendix
B. In the PCR and the PLS algorithms, the data analysis consists of two steps. First,
algorithms are calibrated for the regression coefficients by known dependent variables
(known liquid concentration values in our case). The second step is to use the aigorithms
to give predictions for independent variables (absorbance in our case). The usual way to
evaluate the performance of the models is to divide the samples with known concentrations
into a calibration group and a test group. The calibration group should be chosen to span
the whole sample space (concentration extent of each component in a mixture) uniformly
for good predictions [80]. This can usually be done for designed experiments as in our
case. The predicted values for N concentrations, §;, are compared with known values

(measured by weighting), y;, in the test group. A correlation coefficient R* given by

N

E (.Vj')?j)z
R2=1_i=;. ,
E (yi—?) 2

I=1

N
where ?=E Vi

i=1

and an rms error of prediction given by
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N 1/2
E (Yj—yi) z/lv} ’

i=1

(29)
RMSEP=

are generally calculated to evaluate the prediction. In some cases where the sample space
can not be determined, cross-validation [76] is a more realistic evaluation method, in which
one sample is left out and predicted by the calibration from all other samples at one time.
After each sample is left out once, the predictions for all samples are calculated and the

RMSEP from all the samples is used as an indication of accuracy for future predictions.

To understand the limiting noise in the detection scheme, we used synthetic data
to simulate the noise contribution. The shapes of spectra were chosen to fit the experimental
data [38] and the noises were added through random numbers with a normal distribution
of a certain standard deviation. The experimental noises consisted of the noise in concentration
and the noise in absorbance (deduced from measured transmission). The latter is caused
by the fluctuations of laser beam, detector and electronics noises and transmission dependence
on the optical system (lens, beam splitter and detectors) and is classified as the independent
variable noise in the data process. From the reference channel signal fluctuations, we found
that the average rms of measured absorbance fluctuations at different wavelengths is about
3.3% absorbance, i.e., the average independent variable noise is 3.3%. The noise in
concentration is classified as the dependent variable noise and is the uncertainty from weighing
the samples. For example, to make a 1% H,0 sample in D,0 of 20g, 0.202g H,O has

- to be weighted and added. The uncertainty in readings from the balance with 0.01g sensitivity

for this solution is 5% percent. In the modelling, the deviation amplitudes of added
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independent and dependent noises were varied and compared with experimental data to
assess noise sources and contributions. In the following section 4.3 and section 4.4, the
application of the MSXC lasers in the liquid detection is described and the experimental

data are processed by the PCR and the PLS algorithms.

4.3 Experimental Setup and Procedures

Fig. 4.1 shows the experimental set-up. The output of the laser was collimated by
a singlet lens and then split into two beams. One beam was routed through a cuvette cell,
which is made of optical glass and has a pathlength of 1cm, and then focused on the signal
detector. The other beam was collected by the reference detector. The detectors were InGaAs
type with a diameter of 1mm. The laser temperature was controlled by a Peltier cooler.
The current of the laser was modulated by a square wave in the 1-30kHz range. Phase-
sensitive detection was employed to measure the transmission through each arm, to reject
ambient light, and to reduce 1/f noise. The transmission signals through the reference and
the measurement arms were input to lock-in amplifiers and the outputs from the lock-in
amplifiers were then recorded. The mirror was a gold coated diamond block (250 X400 <400
pm’) mounted on a small drill bit [15]. The PZT was then mounted on the 5-axis stage
(3 translations plus tilt and rotation), so the mirror could be placed very close(=<20 pm)

and parallel to the back facet of the laser.

The experiments were run by a data acquisition program. After a liquid was introduced




PZT MSXC+laser lens splitter cuvette lens

lens

signal
detector
reference
detector
PZT laser lock—in function lock—in
driver driver enerator]
ref out g ref out
€
DAC JUUL
computer
ADC1
ADC2
Fig. 4.1 Experimental set-up for liquid detection. The laser was modulated

by a square wave at 5kHz and phase-sensitive detection was
employed. The single modes were scanned by ramping the PZT
voltage. The sample is in a cuvette cell of 1cm pathlength in the
signal arm. The ratio of the transmission signals from the
measurement arm to the reference arm are collected by the
computer and processed by the PLS and the PCR algorithms.
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into the cuvette cell, the distance of the mirror to the laser facet was altered by driving
the PZT controller with a voltage from a digital-to-analog converter(DAC). For each DAC
step, the two lock-in outputs were alternately sampled 50 times by an analog-to-digital
converter(ADC) and the signals were averaged to reduce the noise. The averages from
the two lock-ins and the rms (root-mean-square) value of the 50 samples from the reference

lock-in were stored in a file for data analysis that is discussed.

4.3.1 Spectral Output of MSXC lasers

The MSXC scheme has been developed based on the observation that while the range
in wavelength is important, continuous tunability is not necessary for liquid detection.
The laser was an InGaAsP/InP strained-layer multiple-quantum-well ridge-waveguide laser
with a length of 250 um [85], lasing at 1.40 um where water has an O-H stretch first overtone
absorption peak [35]. Fig. 4.2 shows an example of the spectral output of the 1.40 um
MSXC laser at a current of 55mA and temperature of 22°C. Eighteen distinct modes with
an average side mode suppression ratio (SMSR) of 1.3% are obtained as the position of
the mirror is changed by A\/2. The difference in wavelength of the first mode to the last
mode is 72nm. When the mirror is moved lasing switches typically from the lasing mode
to 2 mode spaced 4 free-running laser modes away, or switches to a mode 3 free-running
modes away and then quickly switches to the fourth mode. In 2 or 3 regions, the laser
operates briefly multimode operation and then switches to the fourth mode away. The regions
of single mode operation as shown in Fig. 4.2 can be determined by analyzing the noise

power as discussed in the next section.
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The spectral output for the MSXC laser at I=55mA and T=22°C
as the distance of the mirror behind the laser is scanned. A total
of 18 distinct modes was obtained. The difference in wavelength
from the first mode to the last mode is 72nm.




4.3.2 Determination of Single-Mode Operation Regions

The MSXC laser is essentially a monochromatic source. The measurement of the

absorption of liquids at different wavelengths of the diode laser can be done without any
additional dispersive elements for wavelength selection. This is one advantage offered by
the diode laser, but the questions are how to know that the diode laser is operating on
a single mode region and which single mode is it. After comparing several methods, including
ways to dither the PZT voltage or diode current and then measure signals at the first harmonic
(1f) or the second harmonic (2f) of the dither frequency, we found the best results were
obtained by simply measuring the rms values of the reference beam. Fig. 4.3 shows typical
signals from the reference channel as the mirror is scanned over /2. The upper trace is
the average power of 50 samples and the lower trace is the rms values (X 100) of the samples
for each mirror step. Near the position of the mirror where the laser switches the mode,
the rms value of the power has a spike because the competition between the modes gives
a large variation of the power of the laser beam. Single mode regions have a small and
flat rms value. The mode pattern is repeated if the mirror scans across the same range,
and if the mirror moves a further distance of N\/2 the pattern will repeat but with a few
more spikes because there are 2-3 more modes in a one A/2 period. A program was written
to determine the single mode regions by first searching for peaks plus some other criteria
such as the amplitude of the rms values and the distance between the peaks. The middle

between the peaks was taken as a single mode region. It can be seen in the upper trace




(o))
o

laser power

noise power

x100
AL Mh MAM

100 200 300 400 500
mirror position

N
12]
=
c
3
Qo
-~
o
N’
v
2
o
>
7]
E
©
c
o
—
]
=
o
Q
—
0
172
o

o
o

The laser power and rms values versus the mirror position. The
spikes on the rms values are caused by the competition of the laser
power between the laser modes, and mark the position where the
laser mode hops. One mode period(\/2) is shown from channel 80
to channel 400. The single mode regions are identified by
processing the rms spectrum.




56

that the power of the laser changes even when the laser is operating on a single mode,
i.e., in the regions between the two spikes in the bottom trace, because the feedback level
from the MSXC changes when the mirror moves. Thus it is necessary to use a reference
arm and a signal arm. The ratio of the power in the signal arm to the power in the reference
arm depends on the absorption and not the laser power. In addition, some of the noise
of the laser can be divided out in the double beam configuration. It should be noted that
the wavelength of each mode is fixed for a constant current and temperature and that the
shift in wavelength caused by the variation of feedback from the MSXC is less than 0.5%
of the spacing between modes (~ 1nm) of the laser. The absolute position of wavelength
for each mode can be measured by a monochromator, but it is not necessary to know for
liquid detection as long as the calibration sets and the measurements are done for the same

current and temperature of the laser.

4.4 Results and Discussion

Samples of H,0 in D,0 and samples of mixtures of H,0, acetone and methanol
were made by mixing pure substances. the purity of D,O (MSD Isotopes) was 99.9%,
acetone (Caledon Laboratories Ltd.) was 99.5 % and methanol (Caledon Laboratories Ltd.)
was 99.8%, the H,O was from three-column purified filter system (Barnstead). The pure
substances were weighted according to designed weights by an electronic balance with

a sensitivity of 0.01g and mixed. The weighted concentration values were used as both

the calibration values and the test values.
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4.4.1 Spectra of Liquids

To show that the spectral coverage of the MSXC laser is sufficient for selective
detection of liquids, for each single mode, the transmission (T) from the sample arm was
recorded for a blank cuvette cell, a cell with pure acetone, a cell with pure methanol, and
a cell with a solution of 25% H,0+75% D,0(by weight). The absorbance (log(1/T)) for
the three liquids at 17 different wavelengths is shown in Fig. 4.4. The data from the blank
cell were used as the intensity reference. The values are consistent with the spectrum obtained
by FT-IR spectrometer{35]. The H,0 was diluted by D,0 because the absorption peak
is too strong to measure for a 1cm pathlength cell. Fig. 4.4 clearly shows that the absorptions
of the liquids are sufficiently different over the 72nm wavelength range obtained with the
MSXC laser to consider detection of the concentration of water in the other liquids. This

will be further seen in the following sections.

4.4.2 H,0 Concentration in D,0

H,0 has an O-H stretch overtone absorption peak around 1.4 pm, the overtone
absorption peak of D,0 is shifted to 2 um [35], so D,0 can be used as a solvent for many
other liquids in this spectral region. 15 samples with H,O concentration in D,0O ranging
from 0-7% by weight were divided into two groups, 8 samples were used for calibration

in the PCR and the PLS. Fig. 4.5(a) shows the H,O concentration predicted by the diode

laser with the PCR for N=7 test samples after two factors, plotted versus the weighted
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contrast shows that the MSXC laser provides a wide enough
spectral coverage for liquid detection.
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(@): The prediction of H,0 concentration by diode laser
spectroscopy versus the true values (weighted values) by the PCR.
The straight line is the ideal prediction with a slope of unity. The
prediction from the diode laser has an R? of 0.998 and an RMSEP
of 0.092%. (b): 30 repeated measurements for 0.5% H,O
concentration with the mean value of 0.53% and rms value of
0.056%. The rms value shows the accuracy of the detection
scheme.
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values. An R2=0.998 and an RMSEP =0.092 percentage points were obtained by the PCR.

The PLS gave an R?=0.995 and an RMSEP =0.14 percentage points for the same data
after two factors. Fig. 4.5(b) shows that the 0.5% point was measured 30 times. The
absorbance data were fed into the PCR to give 30 predictions. The mean value was 0.53%
and the rms value was 0.056%. This result implies that the method is sensitive to detect

0.1% concentration difference of H,O in D,0.

Because the sum of H,0 and D,0 was equal to 1, the system should be a one factor
system, which is in agreement with the steep drop of the RMSEP after one factor. But
the minimal RMSEP was obtained after two factors. It is believed that the additional factor
was mainly caused by the wavelength dependence of the lens, the beam splitter and the
detectors [38]. Fig. 4.5(a) and Fig. 4.5(b) reflect the precision of predictions for different
concentrations (RMSEP) and the accuracy of the prediction for 0.5% concentration. They
respond differently to the independent and the dependent noise sources. A modelling of
synthetic H,0 in D,0 data shows that the dependent variable errors are the dominant noise
source for the experimental RMSEP. They contribute to the RMSEP through both the
calibration group and the test group with the latter being significant because y; is not an
averaged value and is used as true value to calculate the RMSEP. The independent variable
noises are accounted for in the accuracy of the predictions. The modelling showed that
the contribution of the independent variable noises to RMSEP was minimal compared to
the dependent variable noises because the random noises in the absorbance could be reduced

by averaging in multivariate calibration. The reduction was influenced by the spectral contrast




between the H,O spectrum and the background signals.

4.4.3 Mixtures of H,O, Acetone and Methanol

50 samples of H,0, acetone and methanol mixture were made by weighting pure
substances, the concentrations of H,0O, acetone and methanol range 2-10%, 0-98% and
0-90%, respectively, the sum percentage of the three substance was equal to 100. They
were divided into 30 calibration samples which covered the boundary concentration values
of the pure substances and 20 test samples. Fig. 4.6(a), (b) and (c) show that predictions
by the PCR versus the weighted values, the RMSEP for H,O, acetone and methanol for
20 test samples were 0.49%, 1.28 % and 1.45 % respectively, which implies that the method
can give the predictions within ~ 1.5% for each component in the mixture. Fig. 4.7 shows
that the RMSEP versus factors for three component predictions. It can be seen that RMSEP
has a sharp drop after 2 factors which is agreement with a 2 factor system (three component
system with the sum percentage of 1). The minimal RMSEP is achieved after 5 factors

and the additional factors after 2 slightly reduce the RMSEP. The 95 % confidence intervals

of the RMSEP using a x*-test [81] from factor 2 to factor 10 are [0.09, 0.25], [0.43,

1.23] and [0.31, 0.88] for H,0, methanol and acetone, respectively, so 2 to 5 factors are
acceptable factor numbers for this system. The additional factors are attributed to the noises
and the wavelength dependence of the system. The modelling showed that the dominant
noise source for RMSEP in this case is the dependent variables noise as discussed in section

4.2, If there are no dependent variable noise, for a 3.3% independent variable noise, the
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Fig. 4.6 The predictions of H,0, acetone and methanol concentration in 20
test samples versus the true values (weighted values) in the
mixtures of H,0, acetone and methanol by the PCR. (a): H,0
predictions with a R?=0.941 and an RMSEP=0.49%, (b): acetone
predictions with a R?=0.998 and an RMSEP=1.28% and (c):
methanol predictions with a R?=0.998 and an RMSEP=1.45%. 5
factors are used to obtain these predictions. The predictions shows
the detection capability of the scheme in a mixture. The precision
of the predictions are mainly limited by the weighting errors as
discussed in the text.




63

-
(o)}

methanol

e

acetone

®

o N
1 1

RMSEP (in percentage)

i i L i L L 1 i

1 2 3 4 5 6 7 8 9 10
factor number
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modelled RMSEP for predictions is less than 0.1%.

Fig. 4.8 shows the capability of the detection of outliers in this scheme. Here outlier
means a sample that does not belong to the calibration group in that the absorption is beyond
what was expected. 6 samples of H,O in D,0 (with no acetone or methanol) with
concentrations ranging from 3% to 33% were made as outliers. Residues for the 20 test
samples that were in the range of calibration together with residues for the outliers are
plotted against wavelength. From the structure of the residues it can be seen clearly that
the spectra from the outliers and the blank cell do not belong to the calibration cluster.
Outlier warning can be given to these groups to avoid mistaking them as mixtures of H,O,
acetone and methanol. The PLS could not successfully be applied in the three mixture
case because there is a correlation between acetone and methanol concentrations in the
designed mixture. The influence of the correlation was modeled in the synthetic data and
it was found that erroneous predictions were caused because the PLS algorithm could
mistakenly use spectral information from one component in the regression for another
component due to the correlation. Chung et. al [82] has pointed out the correlation effect
in the PLS. One should be careful when using the PLS algorithm for a mixture in which

the concentrations of two components may be correlated with each other.

4.5 Summary

A scheme of liquid detection by the MSXC diode lasers with multivariate calibration
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has been presented. The scheme may be used to make compact and low cost liquid sensors
for the applications such as liquid detection and identification in industrial process control.
The scheme can provide adequate predictions for H,O concentration in other liquids and
for a three component mixture. The factor analysis and the outlier detection can be used
to give more reliable predictions for mixtures. It is found that the RMSEP is 0.1% for
H,0 in D,0, and about 1.5% for each component in the mixture of H,O, acetone and
methanol. The result of repeated measurements of 0.5 % H,O in D,O shows that the method
has a sensitivity to detect 0.1% difference. The modelling of a synthetic data shows that

the uncertainty in the concentration due to limited precision in weighing of samples is the

dominant noise source in the measurement.




CHAPTER 5 - DESIGN OF QUANTUM WELL DIODE LASERS WITH BROAD

GAIN PROFILE

5.1 Introduction

In the discussion of Chapter 2, the gain profile was approximated by a parabolic
function and the maximum tunable range was given by the difference of the extremes of
wavelength away from the gain centre where the dip of reduced loss intersected the gain
curve. The magnitude of the reduced loss is determined by the fraction of the reflected
light that couples into the active region. Besides the coupling efficiencies, the tunable range
is intrinsically decided by the shape of the gain profile of a semiconductor diode laser.
A broad and flat gain profile will permit operation on wavelengths far from the gain centre.
Based on this consideration, work to design a semiconductor diode laser with a broad and

flat gain profile for spectroscopic application was initiated. The laser with a potential to

tune broadly is not only very useful in detecting the broad spectral features of liquids,

but also is desirable in tunable lasers for gaseous state spectroscopy. In the first part of
this chapter, the considerations in design of a broad gain profile diode laser are discussed
and some simulated results of important properties of a diode laser are presented. In the

second part of this chapter, the experiment results are reported and discussed.
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5.2 Design of Strained Multiple Quantum Well Lasers with a Broad Gain Profile

With the development of growth techniques such as MBE and MOCVD in the past
15 years quantum wells lasers have become a reality and gained increasing popularity.
Besides many advantages such as high efficiency, low current threshold, temperature
dependence and frequency response, quantum well provide a means to manipulate the bandgap
by choosing the thickness and composition of the wells. Introducing strain to quantum
wells was originally proposed in 1986 [83]. It has since become a very useful means

to engineer the band structure and provide improved performance of lasers [84].

The main concern of diode lasers applied in spectroscopy is the wavelength coverage
and the band-structure engineering available in quantum well lasers provides a tool to design
a diode laser which covers a wavelength region of spectroscopic interest. There are many
design parameters to be specified in the modelling a strained quantum well laser and includes
the number of quantum wells, thicknesses, strain, composition of quantum wells and barrier
layers, geometrical structure, composition and doping level of the confinement regions,

and the structure of the ridge waveguide.

The modelling was done with the LASTIP package [85] at the Institute for
Microstructure Science (IMS), National Research Council (NRC). The program permits

users to choose all the parameters mentioned above and simulates many lasing characteristics.

The main considerations for design of this laser were the following. (a): Wavelength centre
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at 1.4 um where there are many very strong absorption water vapour lines. The potential
application is to detect humidity fluctuation in meteorology [86]. (b): A broad and flat
gain profile. It is desired that a tunable range from 1350 to 1450nm can be achieved by
means of the external feedback discussed in Chapter 2. Liquid H,0 has a absorption peak
from 1360nm to 1470nm [35] and the laser can be used to detect H,O concentration in
organic solvents which is a common quantity of interest to know in many industrial processes.
(c): The laser is desired to lase for a length of 250 um or shorter. A short length laser
must be pumped hard to achieve threshold and then more energy levels are populated by

the carrier and the gain profile tends to become flat.

It should be noted that some features of a diode laser are desired for both
telecommunication and spectroscopy such as low threshold, high efficiency and output
power, and symmetry far-field, but high chirp is desired for spectroscopic application.

High speed modulation is not considered important for the design.

Fig. 5.1 shows the structure of the InGaAsP/InP strained multiple quantum well
laser at 1.4 um with a broad gain peak. The novelty of the laser is that there are two different
types of quantum wells in the structure. One type of well has a thickness of 30A and the
other has a thickness of 60A. The thickness, the composition and the strain level are chosen
such that the centre of the gain profile is at 1.4 um and is broad and flat where the gain

contributed from the two quantum wells overlap. Fig. 5.2(a) and (b) show the calculated

spontaneous emission and the gain curves versus the pumping current from 15mA to 90mA.
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Fig. 5.1 The designed structure of the InGaAsP/InP strained multiple
quantum well lasers at 1.4 um with a broad gain. The laser has two
different types of quantum wells in the structure to achieve a broad

and flat gain curve, one has a thickness of 30A and another has a
thickness of 60A.
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The simulated L-I curve for a laser with a length of 250um. The
structure is predicted to reach the threshold for lasing at 10mA
under the assumption of quality material and processing.




TME photograph of the laser structure. The image shows that all
layers are quite uniform and the interface between the various
quaternary compositions are sharp. The measured thicknesses of
two types of quantum wells are 38A and 68A.
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The curves are shown for a laser with a length of 100 um. The spontaneous emission curve
shows the contribution from two types of quantum wells which peak at 1.27 um and 1.39
pm, respectively. The short length is used to show the gain curve under high current pumping.
The gain curve will be pinned to the Fermi level when the lasing action starts. For
comparison, a simulation has been done on a multiple quantum well laser at 1.39 um with
5 identical 38A wells [87] under the same material parameters. The gain curve of the
laser with two different quantum wells is more than two times broader than the one with
identical wells. One percent compressive strain has been chosen because of its high efficiency
shown by the simulation and examples in the literature [85]. The thickness of the active
layer of 270A exceeds the critical thickness for strain relaxation [88]. The barrier layers

are then chosen to have 0.45% tensile strain to compensate the total strain.

Fig. 5.3 shows the simulated L-I curve for a laser with a length of 250 um. The
structure is predicted to reach the threshold for lasing at 10mA at room temperature under
the assumption of a quality material and processing. There were many other simulated
characterizations such as I-V curve, peak gain versus current near-field and far-field
distribution, carrier concentration across the layers and bandgap diagram under different

bias current which were examined.

5.3 Performance of Diode Lasers with Broad Gain Profile

The laser was grown by gas source molecular beam epitaxy at McMaster University.
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Fig. 5.5 The photoluminescence spectrum from the edge-pumped PL shows
a broad peak from 1200nm to 1400nm. The PL spectrum is
generally in agreement to the simulated spontaneous emission with
the two peaks slightly shifted to longer wavelength due to the fact
that quantum wells are thicker than the designed ones.
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The broad area devices were processed at the NRC and ridge waveguide (2 um to 5 um)
lasers were processed at McMaster University. Fig. 5.4 is the transmission electron
micrography (TEM) taken at NRC [89]. The measurements from TEM showed that
the thickness of the two type of quantum wells were actually 38A and 68A, and the thickness
of the barrier layer was 97A, which imply the gain will slightly shift to longer wavelength
than the designed one. The TEM image reveals that all layers are quite uniform and the
interface between the various quaternary compositions are sharp and that there are no visible

defects.

Fig. 5.5 is a plot of the edge-pumped photoluminescence [90], and shows a broad
PL spectrum from 1200nm to 1400nm. Although it is difficult to compare numerically,
the PL spectrum is generally in agreement to the spentaneous emission shown in Fig. 5.2(a)
with the two peaks slightly shifted to longer wavelength due to fact that the quantum wells
are thicker than the designed ones. Fig. 5.6(a) shows the centre wavelength and the density
of threshold current versus cavity length for broad area lasers. Fig. 5.6(b) shows the plot
of 1/n versus the cavity length of lasers [87]. The difference in operating wavelength is
90nm for lengths from 200 um to 1500 um, which is about 2.5 times larger than the observed
difference for a laser with all quantum wells of nominally the same thickness (i.e., a typical
laser) [91]. The loss and internal efficiency deduced were 7.5cm™ and 37 %, respectively,
which are among the best device performance of quantum well lasers in this region. The

ridge waveguide lasers were fabricated at McMaster University [92]. For lasers with

2 pmridge and 250 pm length, the typical threshold current was about 30mA. Preliminary
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The spectral output for a broad gain peak laser in a GEC scheme
atI = 90 mA and T = 22°C, as shown for every other mode.
The laser has a length of 250 um, a 2 um ridge, and is not
antireflection coated. The wavelength is tuned by rotating the
grating. The difference in wavelength from the first mode to the
laser mode is 118 nm, which is about 3 times wider than results
from a conventional diode laser.
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results showed that the lasers can be tuned very broadly by an external feedback. Fig.
5.7 shows the output of a broad gain peak laser in the GEC scheme. The laser was not
antireflection coated and was operated at 90mA and 22°C. The wavelength of the the laser
was tuned by rotating the grating. The span of wavelength from the first mode to the last
mode is 118nm. This tunable range is about 3 times wider than the results from the
conventional diode lasers with identical quantum wells. Further characterization and

application in spectroscopy of the ridge waveguide structure lasers are being actively pursued

at McMaster University.




CHAPTER 6 - CONCLUSION

6.1 Summary of Thesis

This thesis has described a few schemes of tunable diode lasers and their application
in trace species detections. The scope of this work involved design of a broadly tunable
diode laser, construction of external cavity diode lasers, and high sensitive gas detection
and liquid detection. The operation and comparison of SXC, MSXC and GEC lasers was
presented in Chapter 2, and an empirical model based on gain profile and reduced loss
due to external cavity feedback was used to explain the tuning mechanism of SXC, MSXC
and GEC. In Chapter 3, highly sensitive trace gas detection was studied by means of
modulation and subtraction. An analysis for the modulation spectroscopy of a diode laser
based on the concept that the light intensity is directly modulated by the injection current
together with an experimental confirmation was presented. A subtraction scheme to reduce
the noise for second harmonic (2f) detection was reported and a noise level equivalent
to a line centre absorption of 1.6x10° was achieved with an ENBW of 1.25Hz for 2f
detection at 10kHz. In Chapter 4, a MSXC laser with spectral coverage up to 72nm was

used in a scheme for detection of liquids in conjunction with the PCR and the PLS algorithms.

Detection of H,0 concentration in D,0 with a sensitivity of ~0.1% and in a three component
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mixture of H,0, acetone and methanol with a sensitivity of ~1.5% were demonstrated.
The properties of the PCR and the PLS were studied in terms of the optimizing factor
and the detection of outliers. Finally, the design of a strained multiple quantum well laser
consisting of two different type wells with a broad gain profile was described. Preliminary

measurements about the characterization of the broad gain peak laser were reported.

6.2 Suggestions for Further Research and Development

Much of the work reported in this thesis is the initial step to achieve better performance
from tunable diode lasers and to find new applications of tunable diode lasers in trace species
detection. These are many leads to future research; the followings are considered to be

interesting and natural extensions.

An empirical description with a parabolic gain profile was used in Chapter 2 to
explain the tuning mechanism of a MSXC laser. An analysis by using a Fabry-Pérot model
[93] may provide a better understanding and provide a calculation of the intensity in
each mode. It is also desirable that further modelling include a mechanism to explain that

the gain peak becomes broader for a higher current pumping.

In Chapter 3, the analysis and experiments for the modulation spectroscopy of a

diode laser based on the concept that the light intensity rather than the electric field is

directly modulated by the injection current was presented. It is interesting to know in detail
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the difference of absorption lineshape for these two pictures and compare the difference
with one recent work [94] which discussed a lineshape in FM spectroscopy based on

a modulated electric field.

A theoretical study in the design of a diode laser with a broad gain peak for
spectroscopic application may be a very rich and interesting area to pursue. Band structure
engineering in strained quantum well lasers has been proved to be vital in the realization
of high performance diode lasers for telecommunication. It is relatively new to design
a broad gain peak laser for spectroscopy. Recently one work {95] (published after the
laser with the broad gain peak was grown at McMaster) presented a theoretical calculation
about a possible quantum well laser with dual-wavelength operation by using asymmetrical

quantum wells.

Use of MSXC lasers in conjunction with multivariate calibration is a new approach
to detection where the spectral features are broad. It may be possible to replace Fourier-
Transform spectrometers in many industrial applications such as determining protein
concentration in wheat by a compact, cheap MSXC laser based sensor. Another possible
application of a MSXC laser is to detect ice on airplane wings which is considered to be
very important for safety. The absorption peak for ice at 1.45 pm is shifted from where
the peak for liquid H,O is located and it may be possible to distinguish ice reflection from

metal or water surface by processing the reflectance data [96]. Multivariate calibration

is an interdisciplinary field. The natural extension to the PCR and the PLS algorithm is
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neural network, which may have better prediction capability, but is even less studied in
a statistical sense. The application of a MSXC laser provides a testing ground for these

algorithms.

In trace gas detection, a SXC laser has some advantages over a DFB laser in developing
a system for detection of new species. A SXC laser is cheap to make and can cover more
spectral region than a DFB laser, whose wavelength may not be close enough to a absorption
line. One critical feature which has not been achieved is to find a cheap, reliable and compact
way to tell which mode the SXC laser is on and its wavelength. This may be a challenging

project.

Determination of concentration, as employed in the trace gas detection by WM
technique, relies on measurement of a small absorption signal on top of a large transmitted
beam. In addition to the requirement for a large dynamic range of electronics, the shot
noise of detectors will ultimately limit the sensitivity of detection. Photoacoustic detection
is more sensitive because the signal is from only the absorbed energy and is believed to
bea good alternative to measurement of transmission if the concentration is a only concern.
A microphone is cheaper than a photodetector, especially for a long wavelength (> 1.7

pm) photodetector.

Developing a prototype instrument based the techniques described in this thesis for

commercialization in industrial process control, environment pollution monitoring and
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medical diagnosis may be an interesting and rewarding test. Itis believed that the techniques
described in this thesis have potential to fill a niche in diode laser based trace species
instrumentation. A successful attempt will need to improve the techniques to be more user-

friendly and to have a good understanding of the need from potential users.
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Appendix B
I: PCR algorithm (for N factors)
Calibration:
1) Mean centre absorbance matrix X, and concentration matrix Y.
2)  For each factor, take t, = the column in X, that has the highest remaining sum
of squares.
3 pL=trX L,
4) p’.=p"/|p".| (ormalization),
5 L =X.,p/p’p.
6 q’,=tY, /t't.
Check convergence:
7)  compare the |t,] in step 5) with the one from the preceding iteration, if their different
is smaller than a pre-specified constant, e.g., 0.001, go to step 8). If not, go to
step 3).
Calculation of the residuals:
8 X,=X,-tp’,
Y.=Y.-tg’,
increase a by 1, repeat step 2) to 8) for next factor until N factors are calculated.

Prediction:

87
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1) Mean centre input absorbance matrix x:
X, =x"-X",
where X is the centre for the calibration objects. For each factor a=1, ..., N perform
steps 2) to 4).
2) Find t, according by
t,=X" 1P,
3) Compute new residual x,=x, -t,p,”.
Ifa < N, increase a by 1 and go to 2). If a = N, go to 4).
4)  Predict y by

y=Y+Ltq,, sum from a = 1 to N, Y is the centre for the calibration objects.

II: PLS algorithm (for N factors)
Calibration:
1) Mean centre absorbance matrix X, and concentration matrix Y.
2) For each factor, take u, = one column of Y,,.
In the X block:
3 wi,.=uX, /u'y,
4) w’,=w"/|w".] (normalization),
5 t, =X, w/w,w,.
In Y block:

6) q ’a =t ’aYa-l/t ’ntn

7 q°, =q"/|q".] (rormalization),
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ua = Ya—lqa/q 'nqu

Check convergence:

9

10)
11)
12)
13)

14)

compare the |t,| in step 5) with the one from the preceding iteration, if their different
is smaller than a pre-specified constant, e.g., 0.001, go to step 10). If not, go to
step 3).

P = "X, /'8,

=tlpl,

wi=w.]p.l,

P, =p°/|p".| (normalization),

b, = u’,t/tt,.

Calculation of the residuals:

15) X, =X,,-tp’,
Y, =Y,-tq’,
increase a by 1, repeat step 2) to 15) for next factor until N factors are calculated.
Prediction:
1)  Mean centre input absorbance matrix x:
X,"=x"-X",
where X is the centre for the calibration objects. For each factor a=1, ..., N perform
steps 2) to 4).
2) Find t, according by
t,=x",,W,.
3)  Compute new residual x,=x,,-t,p,”. Ifa < N, increase a by 1 and go to 2). If




a =N, goto 4).

4) Predict y by

y=Y+Zt,q./b,, sum froma = 1 to N, Y is the centre for the calibration objects.
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