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Abstract

A technique for obtaining maps of the spatially-resolved and
polarizaticn-resolved electroluminescence of 1.3 #m semiconductor diode lasers )
has been developed. It reveals information about the strain, scattering and -
absorpticn which exist in the active region of lasers. These data has been

correlated with the spectral output of the lasers, and models have been developed

which explain the correlation.
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Chapter 1. Introduction

Diode lasers are normally assumed to be uniform aloné ‘the length and
width of the active region. This is evident from the theoretical models used to
describe diode lasers. For example, rate equations, which were developed for gas
lasers, are used to model the spectral properties of diode lasers. This theoretical
approach assumes high reflectivity facets and assumes that the active region of the
laser is uniform, two assumptions which' are not valid for diode lasers. It is known
that the facets of diode lasers are not high reflectivity and it is shown in this thesis
that 1.3 um InGaAsP semiconductor diode lasers are not uniform along their active
regions.

An instrument which measures the spatially resolved and polarization
resolved electroluminescence of 1.3 um InGaAsP semiconductor diode lasers has
been developed and is reported in this thesis. The electroluminescence data taken
with the instrument provides information which has been previously unavailable. The
data can be analyzed to provide information about the internal strain and scattering
that exist along the active regions of 1.3 um InGaAsP semiconductor diode lasers.

Analysis of measurements made with the instrument demonstrates that
there is a distribution of strain along the active region of diode lasers. This
distribution has not been observed previously, nor has it been expected. The
distribution varies from one type of laser to another and even varies between lasers

fabricated from the same wafer.
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Analysis of the data recorded with the instrument shows that scattering
exists along the active region of semiconductor diode lasers. Scattering has not been
previously measured, although internal scattering near the facets of diode lasers has
been used to explain the unusual far field patterns of certain lasers.[1]

A correlation is observed between the scattering properties of 1.3 um
IGaAsP semiconductor diode lasers and the spectral output of the lasers. It is found
that lasers with strong scattering are more likely to operate single moded or
multilongitudinal moded with highly modulated mode envelopes than are lasers with
weak scattering. Lasers with similar scattering have similar spectral properties.

To gain an understanding of the correlations, models for the spectral
properties of diode lasers were developed which consider the effect of non
uniformities along the active region in the form of scattering and absorption centres.
The effect of scattering was examined theoretically to provide an explanation for the
observed correlations between scattering and the spectral properties of diode lasers.
By using scattering centres in the model, the different spectral properties which are
observed for diode lasers are explained; properties which range from single moded
operation to multilongitudinal moded operation with a large modulation of the mode
envelope. The observed correlation between scattering and the spectral properties
of diode lasers and the model which explains the correlation are a significant
contribution in this field of research.

Experimentally, diode lasers sometimes skip modes as they tune to longer
wavelength with increasing current. This phenomenon is explainable if scattering
centres are considered, and the modelling of such behaviour is presented. A small
precentage of diode lasers tune to shorter wavelength with increasing current over

a limited current range. By allowing for absorption centres the model succeeds in



giving an explanation into this negative tuning behaviour. These unusual tuning
properties of diode lasers have not previously been explained.

The thesis is divided into seven chapters. In Chapter 2 the method and
apparatus for obtaining spatially resolved and polarization resolved
electroluminescence are discussed. Chapter 3 describes how strain, scattering and
absorption data are measured and demonstrates the correlation between the spectral
properties and the scattering properties of the lééers. Chapter 4 develops a model for
the spectral properties of semiconductor diode lasers which considers the effect of
one scattering centre inside the device. Results from the model are used to explain
the spectral c;utput of diode lasers. Chapter 5 re-examines the scattering which exists
in diode lasers and studies the combined effect of scattering and spontaneous
emission on the spectral properties of the lasers. Chapter 6 presents a model for
diode lasers which allows for multiple scattering and absorption centres to exist along
the active region, and shows how unusual spectral tuning characteristics can be
explained. Finally Chapter 7 provides a summary, and suggestions for further
research.

The research presented in this thesis is summarized in eight manuscripts
which have been published in scientific journals,[2,3,4,5,6] submitted for

publication,[7] or presented at refereed conferences.[8,9]



Chapter 2. Method and Apparatus

2.1 Introduction

The goal of this research project was to design and build an instrument
capable of studying the internal properties of diode lasers and to relate these
properties to the operating characteristics of the fasers. Possible methods of analysis
included electroluminescence, photoluminescence, X-ray diffraction and ellipsometry.
The last two methods were ruled out due to their cost and their inability to achieve
the desired spatial resolution of approximately 2 wum, Spatially resolved
photoluminescence (PL) has been used to study elimination of defects with
superlattices,[10] to test quality of III-V wafers,[11] to show the intensity
variation in the PL of wafers which is related to defects,[12] and to observe
degradation mechanisms in diode lasers[13] all at various resolutions.
Photoluminescence, albeit a viable method, was not chosen as the analysis tool since
it is not capable of monitoring the internal properties of lasers while under operation.

Spatially resolved electroluminescence has been carried out using a
thermal plotter to monitor defects in diode lasers for reliability studies.[14] More
recently IR vidicons have been used for spatially resolved electroluminescence to
study the quality of diode lasers after various fabrication methods,[15] and to study
defects in semiconductor diode lasers.[16,17,18,19] Hartman and Koszi, in

addition to using an IR vidicon, used a discrete detector with an aperture and moved



the laser under the detector with a translation stage.[16] They achieved a spatial
resolution of about 2 um and could measure changes of luminescence much more
accurately than with the IR vidicon. Since this discrete method is much slower than
the IR vidicon, it was only used to measure the full widths at half power of the
electroluminescence produced across the stripe of the lasers studied. Even though
this method is time consuming, it was used in this work because of the high spatial
resolution and because of the ability to measure small changes in the
electroluminescence produced along the active region of lasers. In addition,
modifications could be made to the electroluminescence apparatus so that
polarization data could be measured.

An instrument to provide maps of the spatially resolved and polarization
resolved electroluminescence along the stripe of diode lasers was constructed. With
the instrument it is possible to measure reproducibly changes of < 1% of the radiant
emittance of the electroluminescence over distances s 2 um and thus provide a
means for the correlation of device performance with the characteristics along the
active region. The spatially resolved measurements provide information on
dislocations,[20] whereas the polarization resolved measurements provide
information on the amount of mechanical strain in the plane of the active
region.[21,22]

Spatially resolved and polarization resolved maps of the
electroluminescence were made on about forty 1.3 um InGaAsP diode lasers. For the
lasers to be measured special preparation was necessary. The lasers needed to be
bonded active region down and have the top contact removed so that the emission
could be imaged through the substrate. The top contacts were removed by

mechanically polishing, and wire bonds for electrical contact were made to the InP



on the top of the laser away from the active region.

The results are very interesting. Even though the spatially resolved
electroluminescence (EL) signal looks uniform for most devices, it is shown by
analyzing the polarization reso.lved data that the distribution is not uniform. Changes
are seen from one type of laser to another, and even between devices fabricated from
the same wafer.

In this chapter the apparatus and method for obtaining maps of the
spatially resolved and polarization resolved electroluminescence are presented.
Section 2.2 outlines the procedure for sample preparation, Section 2.3 is a description
of the instrument, outlines how the instrument is used, and shows its capabilities.
Section 2.4 presents some spatially resolved and polarization resolved measurements,

and Section 2.5 provides a summary.

2.2 Sample Preparation

The purpose of the sample preparation is to produce a device which may
be pumped with current and which does not have metallization over the active
region, so that the light which is produced in the active region may be measured
through the top of the device. All the lasers studied were 250 #m long InP based
semiconductor diode lasers operating at about 1.3 um. The lasers were typically 100
um thick mounted active region down on a diamond heatsink which in turn was
mounted on a copper block (Fig. 2.1). The top or substrate side of the lasers were
metallized with a surface layer of gold and were wire bonded to a large gold pad

away from the laser. The electrical contacts used for"driving the lasers are the copper



substrate side
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heat sink

Fig. 2.1 Schematic of laser block.

(positive contact) and the gold pad (negative contact).

To measure light coming through the surface of the laser it is necessary
to remove the substrate side surface metallization. The gold layer could easily be
removed by an etch but under the gold layer was a titanium nitride thin film, and an
etch could not be found which would remove this layer without damaging the InP.
For this reason the metallization was removed by mechanical polishing.

Mechanically removing a few microns of metallization from the top of a
250 X 300 um diode laser takes some care. A polishing jig was used whereby the
surface to be polished is mounted on a stage controlied by a micrometer which is
inside a steel cylinder (Fig. 2.2). In this way the amount to be polished can be
carefully controlled by the micrometer. A nylon polishing cloth with 0.05 zm alumina
powder was used to remove the metallization and leave the surface of the InP of
optical quality.

The polishing procedure I use is as follows. First the laser block is
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Fig. 2.2 Polishing jig used for removing metallization from diode iasers.

mounted with crystal bond onto the polishing stage. To protect the laser facets, the
laser is then covered with a drop of crystal bond. It is important that there are no
bubbles in this crystal bond coating, since this could lead to damage to the laser
facets. Ensuring no bubbles is accomplished by not overheating the crystal bond when
melting it (< 120°C). The polishing stage is cleaned with soap to remove abrasive
particles and then dried with methanol and compressed air before being inserted into
the polishing jig (which has also been cleaned). The crystal bond is then slowly

polished off by advancing the micrometer, uuﬁally in 10 to 20 xm increments.



Because the crystal bond is fairly transparent, it is possible to see the gold surface
of the laser through a small thickness of the crystal bond. Using this fact and regular
visual checks, it is possible to know Wwhen:the 'S’h&ace of the laser is soon to be
polished. At this point the micrometer is advanced slowly (about 1/3 of a 10 um
increment at a time) making sure the newly exposed crystal bond has been removed
before the micrometer is advanced again. Once the gold surface disappears revealing
a dark shiny surface, the micrometer is advanced about 2 um followed by ample
polishing. This is to ensure that all the metallization layers have been removed. Once
the polishing is completed, the laser block is removed from the polishing stage. This
can be done with acetone or by heating the stage to melt the crystal bond. Heating
the stage is more efficient if a number of lasers are to be polished.

The crystal bond on the laser block is removed using two acetone baths.
This is followed by a methanol bath to remove the acetone and finally the laser is
dried with compressed air. I use two acetone baths because of the amount of crystal
bond which dissolves into the first bath, Once the laser has been cleaned, new wire
bonds are made from the laser to the gold pads.

A Hughes ball bonder has been somewhat successful using 25 #m gold
wire and the following parameters: bond power 6-7, bond force 7-7.5 turns, bond
time 9-10, and ball size 16-20. I make the first bond to the laser, and the second to
the goild pad. Caution should be taken because if too large a force is used, or if the
laser block is held down with vacuum suction or double sided tape there is a danger
of destroying the laser. Leaving the laser block free allows less of the ultrasonic
energy to be dissipated by the laser crystal. Additional caution should be taken with
the second bond which tends not to be reliable even on a gold surface. If the second

bond does not work, the first bond will likely be pulled off by the bonder, To
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eliminate this problem, after the first bond is made the gold wire should be cut
leaving enough wire to easily reach the gold pad. The free elri.d of the gold wire can
then be attached to the gold pad with an additional ball bond which squeezes the
free end of the wire between the ball bond and the pad.

A Westbond wire bonder has also been used with success. This bonder is
harder to use, but seems to be much gentler since no lasers have yet been chipped
or destroyed while wire bonding. The Westbond wire bonder is therefore
recommended. I: have been successful using the following parameters with the
ultrasonic bonding option: First bond power 100-150, first bon& time 100, second
bond power 100-150, and second bond time 100. With this bonder I make the first
bond to the gold pad and the second to the laser.

Using either bonder the wire bond is made a sufficient distance from the
active region so that light can be detected through the top of the device. During
processing, some changes in threshold current may occur. Initially these threshold
current changes were quite large (greater than five percent which is attributed to
excessive bonding force using the Hughes ball bonder), although once experience was
gained more than eighty percent of the lasers experienced very small changes in

threshold current (less than two percent).
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2.3 Apparatus

The instrument is designed to make maps of the spatially resolved and
polarization resolved light produced in the active region of 1.3 um InGaAsP

semiconductor lasers and emitted through the substrate (Fig. 2.3). The spontaneous

polarizing aperture
detector beamsplitter *
-P2] Vqlrror
lager_ < lens
— ~—
P1" detector Dosition | ‘,: ',233’" t
sensors [
1
signal data
processing aquisition yd
electronics system
Y
' X
f14_f.’_‘.2..
1l
laser
TE

Fig. 2.3 Schematic of experimental apparatus

light emitted in the z-direction (perpendicular to the plane of the active region) and
the stimulated light scattered into the z-direction will reach the detectors. Light

polarized in the x-direction (the same polarization as the TE facet emission) is
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designated as P1, and light polarized in the y-direction (a'ong the stripe) before the
mirror and polarized in the z-direction after reflecting off the mirror is designated
as P2. Light polarized in the z-direction in the active region (same polarization as the
TM facet emission) will not be emitted in a direction such that it reaches the
detectors. The laser is attached to a mount which provides temperature control for
standardization of the data and to make in situ accelerated aging possible. A
photodiode is also present on the laser mount so that the output power of the laser
can be measured.

While passing a modulated current (for phase sensitive detection) through
the device so that light is produced, the laser is poéitioned under the lens such that
light from the active region will reach the small area detectbrs. This is accomplished
by moving the laser mount under computer control until the modulated light is °
detected. The instrument has a noise level of about 1 pW, therefore a signal of
greater than 10 pW has been chosen as the detection threshold. Position gauges are
used such that the movement of the laser mount can be controlled to submicron
accuracy.

Once light from the active region is noticeable on the detectors, the
instrument can be focused. Coarse focusing is accomplished simply by maximizing the
signal on one of the detectors. This is done by moving the lens in the z-direction
(also controlled to submicron accuracy) while making sure the laser is 'r'bcated
directly under the lens by maximizing the signal with respect to the x and y
directions,

For fine focusing the laser is translated under computer control across the
stripe (in the x-direction). The signal from one of the detectors is recorded at

discrete points so that an intensity profile across the stripe is generated. The resulting



S

13

profile is approximately Gaussian in shape (Fig. 2.4). The full width at half maximum
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Fig. 2.4 Intensity distribution across the active region of gain guided laser.

(FWHM) of the intensity profile can then be minimized by moving the lens. Figure
2.5 provides a graph of the FWHM of the intensity profile vs. the position of the
lens. Experimentally, it is found that when the FWHM is at a minimum, this is the
point of best spatial resolution and hence optimum focus. The FWHM of the
intensity profile is reduced by tiie aperture which lessens the field of view of the
detectors, and thus further increases the spatial resolution. Polarization resolution is
achieved by the polarizing beam splitter (Newport Optics model 10FC16PB.7) which
separates the two orthogonal polarizations (P1 and P2) and directs each to one of

the two detectors.
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Fig. 2.5 Dependence of focus on lens position.

To ensure that both detectors receive light from the same part of the
active region, the detectors must be accurately positioned relative to one another.
This is done by repeating the computer controlled scan described for focusing, but
this time recording the signal from both detectors. If the system is well aligned the
centroids of the Gaussian like intensity distributions across the stripe will occur at the
same position, Therefore rough alignment of the detectors is achieved by minimizing
the difference between the centroids of the intensity distributions.

To achieve a higher degree of accuracy in positioning the detectors, the

degree of polarization profile is calculated. The degree of polarization is defined as
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p = (P1-P2)/(P1+P2), where P1 and P2 represent the intensities of. the two
orthogonal polarizations (Fig. 2.3 (b)).

If the two polarizations yield intensity distributions across the active
region which are Gaussian with the same FWHM given by 2.454¢ and similar peak
values of A and B, and the detectors are misaligned by a small amount a in the x-

direction, then the degree of polarization distribution across the stripe p (x) will be:

Ae -'32-) - Bexp("’—"’j
P(x) = 202 20%

-x2 ~(z-a)?
Ae ;o;) + B exp(?—)

if the centroids of the distributions occur close to the same position then

(2.1)

exp(a’/26%) = 1 and

A - Bex %
pix) = ——2"L (2.2)
A + Be %)

Near alignment (ax/a%)? = 0, and

A-8
xX) = - _— 2.
p(x) A+B 23)

Now A = B since p(x) is typically < 0.03 and thus the slope of p (x) is =
a/202.

A least squares linear fit of the degree of polarization profile will then
give a slope which represents the error in alignment. By minimising this slope the

detectors can be aligned to within a few microns. Figure 2.6 shows a distribution of
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Fig. 2.6 Degree of polarization distribution across the active region of a gain
guided laser for aligned detectors and for detectors misaligned 10 and
20 um.

p (x) for aligned detectors and for detectors misaligned by 10 um and 20 um. The
large change on the slope of p(x) for the misaligned detectors can be seen. This
makes it possible to align the detectors to an accuracy of approximately 3 #m. Since
the magnification of the optical system is = 82 times, this means that the detectors
are sampling light from volumes offset by less than .05 microns. This offset is less
than the resolution of the system due to diffraction and lens aberration and thus the

detectors detect lighi from essentially the same region.
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To align the detectors in the remaining direction, the same procedure is
followed with the laser repositioned with the active region parallel to the x-direction,
and with the scan made in the y-direction. This also helps to calibrate the two
detectors with respect to each other. Since the degree of polarization at a given
location on the laser is constant for a given pumping level, the detectors can be
calibrated to make sure that this is the case regardless of whether the laser stripe
points in the x or the y direction.

The data collection has been completely automated and takes from 12 to
24 hours depending on the amount of averaging for noise reduction which is desired.
A grid is used over which intensity and polarization data are taken for different
current levels. The grid size is 101 points along the stripe (y-direction) and 37 points
across the stripe (x-direction). For the lasers each grid point is 3 um apart along the
stripe, and from 1 to 3 um apart across the stripe. At each grid point data for six
different current or output power levels is taken. This guarantees that the position
is identical for each current or output power level at the same grid point, and that
any changes in degree of polarization due to current or output power changes are
accurate. A large area detector is located on the laser mount to enable the
measurement of light intensity vs. current data. This also allows for
electroluminescence data to be taken for a given output power of the laser.

The apparatus is controlled by a personal computer via A/D and D/A
cards. All circuits except for the lock-in amplifiers were designed and built as part

of the system development. Schematics for the circuits which operate the laser,
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detectors, motors and position sensors are located in the Appendix.

2.4 Results

Spatially resolved EL and PL has been used by others to evaluate lasers
which exhibit large variations in the EL or PL signal along the stripe.[13-19] Figure

2.7 shows a light intensity vs. spatial dimension plot of a damaged gain guided laser.

Fig. 2.7 Spatially resolved EL map of damaged gain guided laser. The
displacement in the vertical direction is proportional to the light intensity

detected.

The dark regions are immediately obvious and are consistent with the device
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behaviour: it does not lase. Unfortunately using only spatial resolution one cannot
distinguish between structures whose external properties (like threshold current)
would be cause for rejection. Figure 2.8 shows the intensity maps of the two
orthogonal polarizations of a laser which was rejected for production of toll grade
laser transmitter modules. The maps were taken with the laser operating about 25
mA above threshold. The asymmetry of the EL map is caused by scattering of
stimulated light off the gold '<.:oated diamond heat sink. The bottom part of Fig. 2.3
shows the bonding geometry of the laser on the diamond block; one end of the laser
is lined up with the diamond block. Because the lasers are not all identical in length,
-the laser may be longer or shorter than the diamond block. Thus more light will be
scattered for a short laser than for a long one because of the amount of the diamond
exposed. Light will be scattered off the exposed part of the diamond block. Away
from the facets no substantial changes in the intensity profile along the stripe are
observable,

If a plot of the degree of polarization vs. the spatial dimensions is made,
the results are much more interesting. Figure 2.9 (a) shows such a plot for the same
laser as in Fig. 2.8, with the texture a result of the inhgrent difference between the
intensities of the two orthogonal polarizations. Not all the data collected was used
to make this plot. First, data corresponding to the scattered light from the ends of
the laser was removed. Second, only the data which would fit in the FWHM of the
light distribution across the stripe (in the x-direction) was used to calculate the

degree of polarization. This is because as (P1+P2) becomes small the error in the



20

!

I
l' "" 0 'l”l';i 3 :
gl

L
el [/ l’l ’”’”I”;’hﬁ'}”ﬂ
iy
Fag, l’:f‘:;’, ‘ [y

P2

Fig. 2.8 Spatially resolved EL maps of rejected PBH laser for both orthogonal
polarizations P1 and P2.
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Fig. 29 (a) Three dimensional representation of degree of polarization along the
active region of PBH laser. The data near the facets have been
removed. (b) Two dimensional representation.
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degree of polarization measurements becomes large due to additive noise corrupting
the computation. The degree of polarization at all points outside the FWHM of the
light distribution was set to zero.

One may notice that across the stripe (in the x-direction) there is not very
much texture in the degree of polarization :iata. Therefore an efficient way to
represent the data is to use a two dimensional plot of the degree of polarization
along the stripe (ie. a y-z plot). Different graphs can be overlaid to demonstrate the
effect of: aging, different current or output power levels and different sets of data for
reproducibility. The degree of polarization (in the z-direction) is an average of those
values of degree of polarization across the stripe which lie in the FWHM of the
intensity distribution. Figure 2.9 (b) shows such a plot, which clearly shows the
variations in the degree of polarization along the stripe.

The dependence of the two dimensional graph on positioning of the
detectors was tested to ensure the reproducibility of results. The position of one of
the detectors was misaligned about 20 um to represent experimental error, and data
was taken again. The resulting changes in the three dimensional graph were as
expected: there was a definite slope in the degree of polarization across the stripe
compared to when the detectors were aligned (Fig. 2.10). The two dimensional
representation along the stripe of the degree of polarization was generated by
averaging p across the stripe for each data point. This averaging removes the effect
of a small alignment error (since the error is linear to first order) so that the

resulting two dimensional graph should theoretically be identical to an equivalent
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Fig. 2.10 Degree of polarization distribution across and along stripe for a gain
guided laser with (a) the detectors aligned and (b) the detectors
misaligned 20 um.
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graph generated from data with no alignment error of the detectors. Experimentally
this is seen to be correct: differences between two sets of data with detectors well
aligned are of the same order cf magnitude as the differences between data

corresponding to good and bad alignment (Fig. 2.11).
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Fig. 2.11 Two dimensional representation of degree of polarization distribution
along the active region of a gain guided laser for aligned detectors
(solid line) and for misaligned detectors (broken line).

Thus the results are highly reproducible. The overlaid results in Fig. 2.12
are two sets of data taken days apart. The results have been shifted in the horizontal
direction so that they overlap. Each scan was made with the entire set up procedure

carried out (i.e., the laser was removed and the instrument misaligned and defocused
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Fig. 2.12 Degree of polarization along the stripe of PBH laser for two different set
of data showina the reproducibiiity of the results.

prior to reinstalling the laser). The results are very similar with the effect of the three
micron grid in the y-direction being evident: If the peak in the degree of polarization
graph lies between two data points in one scan, and lies on a data point in a
subsequent scan the heights of the corresponding peaks appear to be different. The
resolution of the instrument is therefore estimated at better than 2 um. Many
measurements were done on the same lasers to test the accuracy of the

measurements and the results indicate that the uncertainty (max.-min.) in the degree
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of polarization data is <0.003. Thls is the amount of uncertainty which will be
assumed throughout tf',“is thesis for degree of polarization measurements unless stated
otherwise. |

During each scan, different current levels through the laser were used to
observe the effects below and above threshold on the degree of polarizd;fbn. At each
spatial point all current measurements were taken to ensure that differences between

the data at different current levels is meaningful. In Fig. 2.13 the degree of
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Fig. 2.13 Degree of polarization along the stripe of PBH laser for different current
levels: 20 mA, 30 mA, and 40 mA. The degree of polarization increases
with increased current.

polarization data is shown for three different current levels. The change in the degree
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of polarization with current above threshold is interpreted as due to scattering and

“~will be discussed at greater length in the next chapter.

2.5 Summary

An instrument has been developed to make spatially resolved and
polarization resolved electroluminescence measurements and is capable of detecting
small changes in the electroluminescence signal. A description of the instrument, its
operation and its capabilities has been given. Spatially resolved and polarization
resolved EL is shown to be a very useful technique. It has been shown to be capable
of reproducibly measuring the internal properties of diode lasers. These internal
properties will be used in the next chapter to correlate laser types and spectral

outputs.



Chapter 3 Strain and Scattering

" 3.1 Introduction

Spatially and polarization resolved maps of the electroluminescence were
taken for below and above threshold operation for three different diode laser
structures: gain guided,[23] planar buried heterostructure{24] (PBH) and
_ arrowhead buried crescent{25,26] (ABC) lasers. The amount of effective
scattering (Ap) is correlated with the spectral properties of the diode lasers and
provides some interesting results. The effective scattering is defined as the change
in the degree of polarization (p) with the output power of the laser.

It is found that if a large amount of effective scattering exists in the device
then the laser will tend to operate single moded or multilongitudinal moded with
highly modulated mode envelopes. If the effective scattering is small then the device
tends to operate multilongitudinal moded with smooth mode envelopes. It is also
found that devices which have large positive internal strains tend to have a larger
amount of effective scattering than devices with low or negative internal strains. The
gain guided devices which were measured normally have very low or negative strain
distributions with very low effective scattering; they tend to operate multilongitudinal
moded with smooth mode envelopes. The PBH devices which were measured are
under greater strain, have a larger amount of effective scattering, tend to operate

more single moded than gain guided lasers, and may operate multilongitudinal

28
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moded with a large modulation of the mode envelopes. The strain and effective
scattering distributions in the ABC diode lasers which were measured lie between the
distributions of gain guided devices and the PBH devices. Also, in keeping with these
material properties, the ABC device, which was found to have the lowest strain
distribution and the lowest effective scattering of the ABC devices which were
measured, did not exhibit multilongitudinal moded behaviour with highly modulatc?d
mode envelopes or strong single moded operation over normal operating conditions.
It is concluded that semiconductor diode lasers operate single moded or
multilongitudinal moded with highly modulated mode envelopes as a result of the
interference caused by the scattering of stimulated emission inside the device, This
scattering will result in the formation of weak Fabry Perot cavities within the laser
cavity and is modelled in Chapters 4 and 6. The dependence of the spectral output
on the scattering properties of the active region is consistent with the results
observed for inteationally introduced scattering [27] or loss centres.[28]

In this Chapter an analysis of the EL data to produce strain and scattering
information is given, and a correlation between the scattering properties of the
devices and their spectral properties is presented. Section 3.2 describes the
measurement of strain in the active region, Section 3.3 outlines the measurement of
the effective scattering, Section 3.4 shows the correlation which exists between the
effective scattering and the spectral properties of diode lasers, and Section 3.5

provides a summary.
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3.2 Strain Measurements

The below threshold degree of polarization measurements are used to
obtain information about the internal strain which exists in-the plane of the active
region of the semiconductor diode lasers.[21,22] The distribution of the degree of
polarization (p) along the length of the active region of a typical PBH laser {laser

G) is shown in Fig. 3.1 for below threshold (solid line) and above threshold (broken
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Fig. 3.1 Degree of polarization (p) distribution along the active region of PBH
laser (laser G) for below threshold operation (solid fine) and above
threshold operation (broken line).

line) operation. Note that a substantial difference exists between p measured above

and below threshold. This difference is not attributed to a change in the internal
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strain of the active region with bias, but rather the difference is interpreted as an

effect caused by the scattering of stimulated emission inside the device. p stays

constant with current below threshold and increases with current above threshold

(Flg 2.13), and this corresponds to an increase of P1 light over P2 light above
tﬁreshold. Since the lasing mode is TE polarized, scattered stimulated light will be
seen as P1 light and will result in p increasing. Below threshold the amount of
sponténeous light dominates over the scattered light and the effect of the scattered
light on p is negligible. T;ﬁérefore only the below threshold degree of polarization
data (p,) is used to estimate the distribution of strain in 11e device.

To quantify the internal strain of the devices, the results of graphs such
as Fig. 3.1 for the laser operating below threshold are summarized. Two parameters
have been chosen for this purpose: the mean and the standard deviation of the
degree of polarization along the length of the device. These values were calculated
for data corresponding to below threshold operation. Figure 3.2 shows p calculated
along the active region of an arrowhead buried crescent (ABC) laser (laser 3), for
below threshold (solid line) and above threshold (broken line) operation. The mean
and standard deviation of the p is calculated over this region for the below threshold
data. Laser e is a typical gain guided structure whose above and below threshold
degree of polarization distribution is shown in Fig. 3.3.

Figures 3.1 to 3.3 show distributions of p along the active region of the
lasers, results which are highly reproducible. The standard deviation of p along the
stripe is not a measure of the accuracy of the data, but rather a measure of the
variation in p. which exists along the stripe. Because p can be measured reproducibly,
the values of .the mean and standard deviation of p along the stripe are accurate and

are numbers which are characteristic of the internal strain of the laser. The
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Fig. 3.2 Distribution of p along the active region of ABC laser (laser 3) with facet
effects removed for below threshold operation (solid line), and above
threshold operation (broken ling).

uncertainties associated with these numbers are low; typically <0.003 for the mean
and almost an order of magnitude smaller for the standard deviation as discussed in
Chapter 2.

Once the mean and standard deviation of p along the active region are
calculated for all the lasers, the results can be compared. Figure 3.4 shows the below
threshold results of the mean and standard deviation of py, for the gain guided, PBH,
and ABC lasers which were measured. The lower case letters represent gain guided

lasers, the upper case letters represent PBH lasers and the numbers represent ABC
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Fig. 3.3 Distribution of p along the active region of a gain guided laser (laser e)
for below threshold operation (solid line), and above threshold operation
(broken line).

lasers. By comparing the mean values of p, one can immediately see that the gain
guided lasers have lower strains in their active region than the PBH or the ABC
lasers. Since the standard deviation of p, measures the variation of the strain
distribution along the length of the device, one can also conclude that diode lasers
do ncihave uniform strain distributions along their active regions and on average the
gain guided lasers have a more uniform distribution of strain than the index guided

lasers.
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Fig. 3.4 Standard deviation vs. mean of below threshold degree of polarization
(p) measurements, for gain guided lasers (lower case), PBH lasers
(upper case) and ABC lasers (numbers).

3.3 Effective Scattering Measurements

The above threshold degree of polarization measurements (p,) are used
to estimate the amount of effective scattering which exists near or in the active
region. The increase of p above threshold (p,p,) is interpreted as due to the
scattering of stimulated emission, and is assumed to be the result of material defects,
or growth irregularities. This means that the amount of scattering which exists in a

device is a measure of the quality of the material properties of the active region.
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The data of Fig. 3.1 shows that the PBH laser G is not uniform along the
length of the active region. There exists scattering from uniformly distributed
scattering centres which is evidenced by the difference in the baseline between P,
and p,, and scattering from discrete or isolated centres which is observable as peaks
in p,. For all three figures (Figs. 3.1-3.3) the above threshold data (p,) was taken
when the lasers were operating at approximately the same output powers.

Figure 3.2 shows p, (broken line) and p,, (solid line) for an ABC device
(laser 3). The device is not uniform along the length and the effective total and
discrete scattering in this device is less than the PBH laser of Fig. 3.1.

Fig. 3.3 shows p,, (broken line) and p , (solid line) for a gain guided device
(laser e). Note that this device is also not uniform élong the length of the active
region, and that the effective scattering of the gain guided device is lower than either
the ABC laser of Fig. 3.2 or the PBH laser of Fig. 3.1.

These lasers (G, 3, and €) are typical in terms of their effective scattering
properties of the samples measured of their structure. That is, the effective scattering
seen in gain guided lasers is typically weak, PBH lasers exhibit a large amount of
effective scattering, and ABC lasers are intermediate to the gain guided and PBH
lasers in terms of their effective scattering characteristics. To demonstrate this a
compact scheme for presenting the p,-p, data for the lasers measured is required.
One method is to plot the discrete effective scattering A p , against the total effective
scattering Ap . This is done in Fig. 3.5. Data for gain guided lasers are plotted with
lov:=r case letters, data for ABC lasers are plotted with numbers, and data for PBH
laser are plotted with capital letters. Note that the amount of effective scattering in
the gain guided dévices tested téhds to be less than for the index guided devices

(PBH and ABC lasers) and that lasers G, 3, and e are typical of their structure. A
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Fig. 3.5 Discrete effective scattering (Ap ) vs. total effective scattering (Ap ) for
gain-guided lasers (lower case), PBH lasers (upper case) and ABC
lasers (numbers).

comparison of Figs 3.4 and 3.5 shows that lasers with large positive internal strains
are more likely to have large amounts of effective scattering than are lasers with low
or negative strains.

The parameter Ap,, the total effective scattering has been defined as:

N
Ap, = E[pa(yj) - Pb()'.-)]IN s 3.1)

i=l

where N is the number of data points, and the y; are the data points in the y-
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direction (along the length of the active region). A p, measures the difference between
the mean values of p, and p, and roughly corresponds to the vertical distance
between p, and p,, in Figs. 3.1-3.3. A value of Ap,=0 corresponds to p_ and p, on
average, lying on top of each other. The parameter Ap 4, has been defined as:

N 12
Ap, = {E [P,,()’,-) - P,,()',-)]QIN} ~4p, . (3.2)

i=1

The function Ap 4 weiéhts large values of the difference p ,-p,, more than
small values of the difference. Thus Ap, is the discrete effective scattering found
from the data presented in Figs. 3.1-3.3. Ap, is sensitive to variations in p ,-p,, along
the length of the device. If p (v,) = p,(y,)+A for ally, then Ap =0, where the y, are
the discrete data points.

The parametersAp ;andAp, are referred to as effective scattering because
they describe the fraction of scattered light which is seen over the spontaneous
emission background. For example. an increase in the amount of scattered light due
to an increase in the output power of a laser, will be more noticeable in terms of Ap
for a laser which produces a small amount of spontaneous emission (small P1 and
P2) than for a laser which produced a large amount of spontaneous emission (large

P1 and P2).
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3.4 Scattering and the Spectral Properties

From Fig. 3.5 it can be seen that gain guided devices te&d to have very
low values of Ap ,and A p, whereas the index guided lasers, and in particular the PBH
lasers, tend to have large Ap , and Ap, values. The scattering data is correlated with
the longitudinal mode spectra of the lasers. The spectra of diode lasers was recorded
with the temperature and current adjusted to produce the most single mode
operation or the worst modulation of the mode envelope. The reason for this is as
follows: ,T"it' scattering centres through resonant enhancement of selected modes affect
the spectral output, then the effect of the scattering centres will be most pronounced
when the gain peak is centred over the selected modgs. By adjusting the temperature
and current, the position of the gain peak relative to the modes can be adjusted.

Figure 3.6 is made up of the worst case spectra for laser e, laser 3, and
laser G at two different temperatures. Note that laser ¢ is a gain guided device, lases
multilongitudinal moded with a smooth mode envelope, and has low values of Apg
and Ap,. Laser 3 is an ABC laser and operates more single moded than the gain
guided laser e. Laser 3 also exhibits larger values of Ap and Ap, than laser e. Laser
G runs either single moded or multilongitudinal moded with a modulated mode
envelope, depending on the temperature. Laser G also has significantly higher values
of Ap, and Ap, than the other two lasers.

The relationship between the scattering properties and the spectral

properties of lasers can be further demonstrated by examining the spectral properties
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Fig. 3.6 Experimentally measured spectral output of (a) gain guided laser e, (b)
ABC laser 3, (c) and (d) PBH laser G at two different operating

temperatures.

of lasers which exist in the extremes of the graph of Fig. 3.5. Figure 3.7 shows the
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Fig. 3.7 Experimentally measured spectral output of (a) PBH laser J, (b) PBH
laser E, (c)} PBH laser |, and (d) gain guided laser a.

spectral output of lasers J, E, 1, and a. Laser E operates multilongitudinal moded



‘41

with highly modulated mode envelopes and has large values of Ap , and Ap,. Laser
E also is o‘rg,,eﬂ___of only two lasers measured which tuned to shorter wavelength with
increasing | current, an unusual characteristic in lasers. Lasers é"-:I. and J -operated
strongly single moded and had large values of Ap, and Ap,. Laser a whose’spectral
output is multilongitudinal moded with a small amount of modulation of the mode
envelope exhibited very low values of both Ap, and Ap, compared witE_ the index
guided devices, but large values of Ap, and Ap, compared with the galn guided
devices such as laser e. On the basis of data such as Figs. 3.5-3.7 it is concluded that

the material properties of the active region affect the spectral output of

semiconductor diode lasers.

3.5 Summary

Spatially resolved and polarizatidn resolved electroluminescence
measurements of 1.3 um InGaAsP semiconductor diode lasers have been made, and
the material properties of the active region have been derived from the data. The
degree of polarization (p ), which is defined as the difference of the two orthogonal
polarizations of the EL signal divided by the sum, is used to derive these properties.
Measurement of p along the length of the active region for below threshold
operation gives an estimate of the strain distribution. The mean of this distributicn

provides a measure of the strain distribution and a convenient technique to compare
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lasers. Likewise, measurements of the difference between p for above and below
threshold operation along the length of the active region {(p ,-p,,) reveals the prese.r'lce
of scattering centres. B |

The larger the effective gt:attering which exists in a :laser, the_}gpore likely
it is that the laser will operate single moded or multilongitudinal moded thh highly
modulated mode envelopes. The PBH lasers tested were found to have the highest
strains and the largest values of effective scattering and they tend to operate the most
single moded or multilongitudinal moded with the most modulated mode envelopes.
The gain guided devices measured were found to have the smallest strains, lowest
values of effective scattering and operate the most multilongitudinal moded with the
smoothest mode envelopes. The ABC lasers tested were found to have strain and
scattering properties somewhere between the gain guided and the PBH iasers which
were measured. The spectral output of the ABC lasers had smoother mode envelopes
than the PBH lasers tested but more single moded and multilongitudinal moded with
a larger modulation of the mode envelopes than the gain guided lasers measured.
Thus the spectral output is correlated with the material properties of the lasers, as
found from measurements and analysis of p. It is concluded that the difference in the
spectral properties of lasers can be attributed to the difference in material properties

of the active region. This will be examined theoretically in the next chapter.



Chapter 4 Single Scattering Model
4.1 Introduction

| In Chapters 2 and 3 measurements were presented which demonstrate
that semiconductor diode lasers are not uniform along their active regions. Models
which predict the spectral output of semiconductor diode lasers assume that lasers
are uniform along the length of the active region. They also often make the
magnitude of the spontaneous emission factor and the shape of the gain profile
dependent upon the structure of the laser. For gain guided lasers the spontaneous
emission factor is taken to be large (as compared to that for index guided lasers) and
the gain profile is taken to be smooth and parabolic, while for index guided lasers
the spontaneous emission factor is assumed to be smail (as compared to that for gain
guided devices) and the shape of the gain profile is taken to be non-parabolic. The
predictions of the models with the input parameters adjusted as described then agree
with the observation that index guided lasers tend to run more single longitudinal
moded than gain guided lasers. The input required for the models has been justified
by considering the effects of spectral hole burning [29], population beating [30],
and astigmatic beams.[31]
Experimentally, the measured spectra of a semiconductor diode laser may
be single moded or multilongitudinal moded with a smooth mode envelope, may be

very asymmetric, and may be multilongitudinal moded with a highly modulated mode
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envelope. Also the spectra of diode lasers can change dramatically with temperature
and operating current. The spectra of a laser may change from single moded to
multilongitudinal moded with highly modulated mode envelopes. Such behaviour has
not been explained. In chapter 3 a correlation was shown between the spectral
properties of diode lasers and their effective scattering properties. It was shown that
lasers which exhibit large amounts of effective scattering are more likely to operate
single moded or multilongitudinal moded with highly modulated en\félopes than are
lasers with small amounts of effective scattering.

'Therefore, a model has been developed for the longitudinal mode spectra
of diode lasers which includes the effect of one scattering centre inside the diode
laser. Any effects caused by hole burning, population beating, or astigmatic beams
have been ignored, so that the effect of scattering may be isolated. The model not
only explains asymmetric longitudinal mode spectra and multilongitudinal mode
spectra with highly modulated mode envelopes but also provides an explanation,
based on the material properties of the devices, as to why index guided lasers ter;d
to operate rhm:g_ single moded than gain guided lasers.

In this Chapter the model and its predictions are presented. Section 4.2
gives the derivation of the model, Section 4.3 shows the results of the model and how
the predictions of the model compare with existing devices, and Seciion 4.4 provides

a summary.
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4.2 Laser Model with Scatterring Centre

The purpose of the theoretical analysis is to estimate the effect on the
spectral output of semiconductor diode lasers of a scattering centre which exists in
or near the active region. The approach is to define effective reflectivities which
include the effect of the scattering centre so that the analysis can be transformed into
a simple Fabry Perot laser model.[32,33] This is similar to the method used for
modelling cleaved coupled cavity (C®) lasers,[34] with the following differences.
The current density is assumed to be equal in each section of the laser bounded by
the scattering centre and the facets, and an effective reflectivity which accounts for
the scattering centre is defined for each facet. The model is valid for both below and
above threshold operation. Typical models of C* lasers define an effective reflectivity
which accounts for the air gap and the shorter cavity in such a way as to restrict the
model to below threshold operation in the shorter cavity.

The physical picture from which the model is formed can be stated as
follows: light exiting from one facet is composed of light reflected at the other facet
plus a contribution from light which is reflected off the scattering centre and directed
back into the mode. This contribution is wavelength dependent and may be positive
or negative depending on whether the interference between the component reflected
off the facet and the scattered light is constfuctive or destructive, Thus the scattering
centre effectively enhances or suppresses the reflectivity of the facet depending upon
the phase of the scattered light relative to the phase of the light reflected off the
facet. An equivalent statement can be made about the apparent reflectivity of the
other facet.

The theoretical approach starts with a description of the electric fields in
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the cavity. The electric fields at the left and right hand ends of the cavity and which

are propagating in the positive y direction (see Fig. 4.1) are denoted a, and a,. The

y-‘sf

]

r r

d,
_b; j'.C 5y

- L1 >|" l—z'_"'
- | >

Fig. 4.1 Schematic diagram of a laser (length L) with a scattering centre (solid
dot) which exists a aistance L, from the left hand facet and a distance
L, from the right hand facet.

electric fields at the facets which propagate in the negative y direction are denoted

b, and b,. The cavity is taken to have a length L=L,+L, A scattering centre is

assumed to be located a distance L, from the left hand facet and a distance L, from

the right hand facet. The fraction of the electric field which is scattered at the
scattering centre is 1-t, and the fraction of the electric field which couples back into
the mode after scattering is o. All variables used are defined in Table 1.

The amplitude of the electric field which propagates in the positive y

I

B
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Table 1

electric field amplitudes travelling in the (+) y directions
electric field amplitudes travelling in the (-) y directions
reflectivity of laser facets

cffective reflectivity of laser facets

length of laser cavity

distance from facet i of scattering centre

fraction of light intensity which is scattered and couples back mlo the mode
fraction of light intensity which is not scattered

transmission coefficient through region L;

transmission coefficient across total cavity with no scattering centre
gain of E-field across region L;

gain of E-field across total cavily

flux of spontaneous emission in the {+) and {-) y dirc:tions

2t /A X - wavelength of light

phase factor of complex variable r;

| 11 2 - reflectance of laser facets

il 2 . effective reflectance of laser facets

[ gi - single pass gain through device with no scattering centre
I gll - single pass gain through region L;

time averaged light intensity

spontaneous emission factor

collection efficiency of optical system

gain profile of laser

spontaneous emission profile of laser

degree of polarization

intensities of two measured orthogonal polarizations

variable X evaluated at the centre frequency of the mode m
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direction at the right facet (a,) is the amplitude of the ‘electric field from the left
facet which propagates in the same direction (a,) multiplied by the propagation
coefficients (t, and t, which include phaﬁe information and gain or attenuation), and
by the transmission coefficient through the scattering centre (t), plus the amount of
the electric field from the right facet which propagates in the negative y direction and
is scattered back into the mode (cb,) multiplied by the propagation coefficient
through the cavity L, (t,), plus the spontaneous emission which propagates in the

positive y direction and couples into the mode (6%). The electric field which
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propagates in the negative y direction at the left facet can be derived in the same

way, and therefore

_ . .
a = alrltril + 2‘20 + 8 ’ (4.1)
b, = bt + altlza + 8.

The right and left propagating electric fields at each facet are related

g_’jﬁiirectly through the reflection coefficient r at the facets, i.e.,
a =rb, b =ra. = 42)

To calculate the amplitude of the electric field at the left hand facet and
hence the output of the laser, the amplitude of the electric field b, is determined by
solving equations (4.1) and (4.2), so that

r T’ L&
_ (1 -rfo)1-r5e) (1-rtio)
) P ‘

(1 - rtia)(1 - rja)

b, (4.3)

1-

Equation (4.3) can be simplified by defining effective reflectivities

It T

- (4.4)

l-ﬂlo I“rtza .

Once effective reflectivities are substituted into equation (4.3), the result
appears to be similar to that for a simple Fabry Perot laser. The simplified

expression for b, is
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(1,87 + 8Y(L - rbo)

2.2
1-rrtt

b,

(4.5)

The effective reflectivities r, and r, incorporate the effects of the scattering centre
located a distance L, and L, from the facets. Optical frequencies which are resonant
with any of the cavities of length L, L, and L, will be enhanced while optical
frequencies antiresonant with any of the caviﬁes will be suppressed.

To solve for the intensity of the light field, explicit expressions for the
phase and gain of the propagation coeffici<nts and for the effective reflectivities are
required. In terms of the single pass gains g, and g, in the cavities of length L, and

L, and the phases ¢, and ¢, of the effective reflectivities

L =8 exp(ikl'l) s L =8 exp(ikLz) ’ (4.6)

ry = {rlexpid) , 1, = |r,|expQid,) . 4.7

These expressions are used in equation (4.5) to calculate the time
averaged light intensity. A convention is adopted to simplify the notation such that
an upper case variable equals the magnitude squared of a lower case variable. Thus

R=(112 G,=ig,? and therefore

{18121 + R,GY[1 - 2/RG,0cos(2kL,) + RGEa?]

(4.8)
(1 - [RRG) + 4 /R R,Gsin(kL + b, + )

{D = (bl.bl) =

This formula (Equation 4.8) gives the time averaged light intensity <>

at the left facet of the device as a function of optical frequency. The effects of the
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scattering centre are incorporated int(} the variables R, and R,. To derive equation
(4.8) spontaneous emission travelling"’i; the positive and negative y directions (8~ and
5*) was assumed to be uncorrelated in time and thus <|8 %87 >=0. Also, the
spontaneous emission was assumed to be isotropic, so that <|8 *12> ='<|872> =
<ﬁ 512>,

’f‘he power in each longitudinal mode of the laser is calculated by
integrating <I> over one free spectral range of the total laser cavity (length L).[32]
Because the intensity profile of the mode for above threshold operation approaches
a delta function; the factors ¢, and ¢, which are small (~¢ ), become negligible in the

integration, and the variables R,, R, and cos(2kL,) are treated as constants evaluated

at the centre of the mode. The intensity of the mth mode is therefore

_ {1813 +R,,,G 1 -2yRG,,acos(2k, L)) + RG},0°]

49)
1 -R,R,, G,

I

m

This is the desired result. This equation predicts the intensity of‘ each
mode for scattering centres of different strengths (different values of o), and for
different locations (L, L) in the laser cavity. These predictions can be compared
with the measured spectra of existing devices. The subscript m for variables on the
right hand side means that the quantity is evaluated at the centre frequency. of the
m'™ mode. In equation (4.9) the denominator is the critical part in the formation of
the mode structure. As long as a scattering centre exists 60, and le and R, are

functions of the wavelength of the mode:
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Rt?

Rl = ’
1-2/RG,,ocos(2k L) + RG? o?

4.10)
R7?

1-2/RG,, ocos(2k L)) + RGZ0? |

Depending on whether the Fabry Perot cavities formed by the scattering
centre and the laser facets are resonant or amireéonant, R, and R, may be greater
than or less than the reflectance of the facets. Due to the resonant nature of the
denominator of equation (4.9), R;,R, G %1, and R; and R, can exert-a large
influence on the intensity of the mode and greatly enhance or suppress the intensity
of any mode. Thus asymmetric, single mode moded spectra, and spectra with highly
modulated mode envelopes can be modelled.

If more than one scattering centre is present then the mode pattern may
be very complicated. There will be more than two weak F abry Perot cavities which
will affect the spectral output. Even though lasers rarely have only one scattering
centre, modelling the laser with one scattering centre is sufficient to illustrate the
effect that scattering centres have on the spectral output. A model which allows for
multiple scattering is presented in Chapter 6.

If there is no scattering centre (o =0) then the effective reflectances have
no wavelength dependence and are equal to the reflectances of the facets

R, =R, =R

The mode intensities will be given' by
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(5,2

, 4.11)
" " 1-RG, (

which is the result calculated using a Fabry Perot mode! and no scattering

centre.[32,33] The mode intensities in equation (4.9) can be solved for since
(]Gmlz) = 8B T )G, - 1), (4.12)

expressions for G, are known, and values for B I"  and 8 can be assumed.[33] When
no scattering centre is present the product of the single pass gains GGy =Gy This
relationship is also assumed to hold when a scattering centre is present. Thus
Gy =G (Li/L) and G,, =G, (L,/L) as this allows straight forward calculation of

G, and G,,.

4.3 Results

In this section an attempt is made to predict and explain the
experimentally measured spectral outputs of both index guided ar;d gain guided
lasers. Both lasers types are modelled using the same gain and spontaneous emission
profiles (T, and B, from {33]) and a spontaneous emission factor (8) of 0.005. The
spontaneous emission factor (B) is a geometrical factor which gives the probability
of emission of spontaneous light into a range of directions which constitute a

longitudinal mode of the laser. B is a function of the waveguide dimensions,
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materials, and the guiding mechanism.[31,35,36] For InGaAsP Hiode lasers, the
dependence of 8 on the guiding mechanism is predicted and__ fo_und to be small (s2)
- [35,36,37], and thus the spontaneous emission factor for InGaAsP gain guided
lasers is expected to be approximately double that for index guided deviées whose
active region dimensions are the same size as for the gain guide devices.[37]
Changing 8 by a factor of two results in littIe'change in the theoretical longitudinal
mode spectrum.

To explain the experimental results, both gain guided and index guided
lasers are modelled with the same value of B, since the results of Chapter 3 suggest
that the effect of the scattering dominatr 5 the spectral output and the precise value
of the enhancement factor is not known. Different lasers produce varying amounts
of spontareous emission, but all devices were modelled as producing the same
amount of spontaneous emission so that the effective séattering would be related to
the fraction of scattered light by the same amount for all lasers modelled (see Eq.
4.16) and so the correlation between the effective scattering and the spectral
properties described in Chapter 3.4 can be tested. Thus the only variables adjusted
to distinguish between gain guided and index guided devices are those which describe
the scattering centre (v and o). To model a gain guided laser no scattering centre is
used (¢ =0), while to model an index guided laser o =0.

The relationship between t and o is dependent on the type of scattering
assumed in the device, If Rayleigh scattering is assumed, and if the fraction of light

intensity scattered is (1-c)? then the fraction of light intensity which scatters back
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into the mode is

o? = %pa - o) (4.13)

The predicted spectral output was found to be very sensitive to changes
in 0. Because the magnitude of ¢ can be estimated experimentally, o is considered
to be the independent variable in the- analysis.

To model a gain guided device the strength of the scattering centre ¢ is

set to zero. This is consistent with the experimentally measured effective scattering. ..

Solving equation (4.9) for this case yields the theoretical longitudinal mode spectrum

shown in Fig. 4.2. This is similar to that from a gain ‘guided device as can be seen

from the measured longitudinal mode spectrﬁm in Fig. 4.3. This experimental
spectrum is typical for gain guided lasers.

To model an index guided device a scattering centre is used. Experimental
data is used to estimate the magnitude of o. Figure 4.4 shows the measured degree
of polarization profile along the length of the active region of a planar buried
heterostructure (PBH) laser, taken by spatially resolved and polarization resolved
electroluminescence (EL). The device has one scattering centre and was c.');.):arated at
about 2 mW output power. If P1 and P2 are the intensities of the two orthogonal
polarizations of the EL signal and P1 is the same polarization as the stimulated
emission in the laser, then away from the scattering centre the degree of polarization

p equals
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Fig. 4.2 Calculated longitudinal mode spectrum of a gain guided laser assuming
no scattering centre exists (o =0).

_PI-P2 _PI-P2 , (4.14)
Pl + P2 2P2
because P1 = P2. At the scattering centre
- (P1+SLI)-P2 Pl +SX1)-P2
p o PLrSd)-F2  (PI+SM,) -2 4.15)

" (P1+SXI\+P2 2P2
( )

where S is the fraction of stimulated light which scatters and reaches the detector,
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Fig. 4.3 Measured longitudinal mode spectrum of a gain guided laser. The
vertical scale is in units of intensity and the horizontal scale is in units
of wavelength. Note the similarity between Figs. 4.2 and 4.3.

EI, is the total amount of stimulated light inside the cavity and SZI <<Pl. -

Therefore the change in the degree of polarization due to the scattering centre is
Ap = SXI f2P2 . (4.16)

The effective scattering Ap is proportional to the output power (Z1 ) and
is the ratio the fraction of scattered light S and P2 which is proportional to the

amount of spontaneous emission produced.
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Fig. 4.4 Degree of polarization (p ) distribution along the active region of a planar
. buried heterostructure (PBH) laser operating below (broken ling) and
above (solid line) threshold.

If By is the collection efficiency of the optical system, then the amount

of stimulated emission which scatters back into the mode (o ?) can be calculated as

2_ BS _ B 24pP2
Y

Bapr popl m

g

(4.17)

This equation is derived assuming small angles, such that the scattering
intensity can be considered constant across the solid angles 8 and B,,.. Since B is used

as a fitting parameter it is set to 0.005 and Bop is measured to be = 0.0002, thus the
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small angle approxin;ation is valid, and the magnitude of o can be estimated directly
from the measurement of p. From the raw data of ""Pig. 4.4 the value of P1 was
measured to be about 1 nW at an output power of 2 mW and the value of Ap is
approximately 0.1. Thus, the magnitude of 62=2*10¢ (¢=0.0015), which means that
about two parts in a million of the power of the stimulated emission is scattered back

into the mode.

Figure 4.5 is a plot of the spectrél output calculated using the model

X20 l’
| ]

L]

| 1 | . ] ] 1

Fig. 4.5 Calculated longitudinal mode spectrum of the PBH laser from Figs. 4
and 6. The scattering parameters ¢ =0.0015, L, =153um and L,=97um
are calculated using the data from Fig. 4.4.
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presentec’_i_.:'Ihe scattering parameter o =0.0015 was calculated from the data shown
in Fig. 4.4. The parameters L, =153um and L,=97um wi;_re'also taken from Fig. 4.4
and adjusted within the range of experimental uncertainty to fit the measured

spectrum. Note that the measured spectral output (Fig. 4.6) of the laser of Fig. 4.4

X20

n_rb.r'L_J LI\ P
Fig. 46 Measured longitudinal mode spectrum of the PBH laser of Fig 4.4.

is much more single moded than the measured spectral output of the gain guided
structure (Fig. 4.3), and that this is predicted by the theoretical calculations (Figs. 4.2

and 4.5).

A close inspection of both the measured and theoretical spectral outputs
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of the index guided laser reveals a modulation of the mode intensities; the envelope

of the side modes is not a smooth curve but is modulated with respect to the mode

number. The-presence of such modulation in the measured longitudinal mode

spectrum supportgthe concept of scattering centres causing the index guided devices

to run more single moded than a device without a scattering centre.

The theoretical longitudinal mode spectra is strongly dependent on the
":?Elocation and strength of the scattering centres. By adjusting the parameters o, L, and
L, and the location in frequency space of the gain profile, many interesting mode

profiles can be predicted. For example, Fig. 4.7. shows the measured longitudinal

mode spectrum of a PBH laser which exhibits a large modulation of the mode

envelope. A scattering centre placed 86 um from one facet with a strength of o =

0.0005 results in a calculated spectrum (Fig. 4.8.) which is similar to the measured

spectrum. It should be noted that this value of ¢ is one third the value estimated
from the results shown in Fig. 4.4, and is still sufficiently large to predict

multilongitudinal mod.ed operation with a large modulation of the mode envelope.

The model is capable of explaining how a diode laser may operate single

moded at one temperature and current and operate multilongitudinal moded with

highly modulated mode envelopes at another temperature and current. The spectra
of a laser (Laser G) which shows this tendency was shown in Fig. 3.6 (¢) and (d). By
using a scattering parameter of o =0.0005, which is consistent with the measured
scattering of the laser, the lasers spectral properties are modelled as shown in

Fig. 4.9. A temperature difference which causes a shift of the locat;'.ion of the peak
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Fig. 4.7 Measured longitudinal mode spectrum of a PBH laser exhibiting a large
modulation of the mode envelope.

of the gain profile was allowed for between the calculations of the spectra shown in

Fig. 49 (a) and (b). One can see that there is good agreement between the

experimental spectra of Fig. 3.6 (c) and (d) and the theoretical spectra of Fig. 4.9.
Thus the presence of even small scattering centres can cause the

suppression of one or rﬁore longitudinal modes, and can be used to explain why index

guided iasers tend to operate more single moded than gain guided lasers, and may

operate multilongitudinal moded with highly modulated mode envelopes. The



62

..11[| |

Fig. 4.8 Calculated longitudinal mode spectrum of a PBH laser using the
scattering parameters o =0.0005, L,=164um and L,=86um. Note the
similarity between Figs. 4.7 and 4.8.

presence of scattering centres in a laser also explains how a laser can operate single
moded at one set of operating conditions (temperature and current) and operate
multilongitudinal moded with highly modulated mode envelopes at another set of

operating conditions.
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Fig. 4.9 Calculated longitudinal mode spectra of a PBH laser at two different
temperatures, using the scattering parameterso =0.0005, L, =79um and
L=171um.
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4.4 Summary

There is great variety in the measured longitudinal mode spectra of
semiconductor diode lasers. The lasers may operate single moded or
multilongitudinal moded with smooth mode envelopes, may have asymmetric mode
spectra and may operate multilongitudinal moded with highly modulated mode
envelopes. Based on an analysis of spatially resolved and polarization resolved
electroluminescence (EL) of semiconductor diode lasers, it is suggested that when
predicting longitudinal mode spectra it is necessary to consider the effects of

scattering of stimulated emission in or near the active region of the device.
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In support of this hypothesis a laser model has been developed which
includes the effect of one scattering centre-in the device. By adjusting the amount of
light which scatters and the position of the scattering centre in the device, the
longitudinal mode spectra of both gain guided and index guided devices can be
explained. |

The theoretical model assumes that the astigmatism factor, and the gain
profile of both gain guided devices and index guided devices are identical. These are
reasonable assumptions for InGaAsP diode laser since the dependence o_f;ﬁ on the
guiding mechanism is weak for InGaXEP lasers [35,36,37), and for InGaAsP lasers
emitting at the same wavelength the band structure will be the similar. If no
scattering centre exists in a device, then the theoretical mode spectrum is
multilongitudinal moded with smooth mode envelopes, which is typical of gain guided
devices.

When a scattering centre is present some lasing modes will be enhanced
and others suppressed, depending on the resonant conditions caused by the scattering
inside the device. If the gain profile is centred near one of the preferred modes
enhanced by the scattering centre, then the predicted mode spectrum iénds to be
much more single moded or muitilongitudinal moded with highly modulated mode
envelopes than the results obtained without a scattering centre. This spectrum is
typical of index guided devices,

By adjusting the location of the gain profile in frequency space away from

the resonant modes of the seattering centre, the theoretical mode spectrum may be



" asymmetric or multilongitudinal moded with highly modulated mode envelopes. This
pro;rides an explanation for such behaviour, and explains how devices can operate
both single moded and multilongitudinal moded with highly modulated mode
envelopes at different operating conditions. Thus it is concluded that to explain the
spectral properties of semiconductor diode lasers, internal scattering must be
considered. In this chapter lasers were modelled using the effective scattering
parameter by assuming they produced the same amount of spontaneous emission. In
the next chapter the effect of spontaneous emission and the effect of the fraction of

light that scatters inside the device will be considered.



Chapter 5 Spontaneous Emission and Scattering

5.1 Introduction

In Chapter 3 a correlation was shown to&: '-exist between the effective
scattering and the spectral properties of semiconductor diode lasers. The effective
scatteriné, which is the change in the degréé of polarization (Ap =p ,-p,, where p, is
the distribution of p above threﬁhold and p,, is the distribution of p below threshold)
with output power of the laser, was shown in Chapter 4 to depend on both the
internal scattering and the amount of spontaneous emission produced bf the device.
In this Chapter the effects of both the spontaneous emission and the internal
scattering are discussed. It is shown that spontaneous emission masks the effect of
internal scattering on the spectral output of lasers. Lasers which produce a large
amount of spontaneous emission are not as affected by scattering as lasers which
produce a small amount of spontaneous emission.

The measurement techniques for both the spontaneous emission and the
internal scattering are presented in this chapter. It is shown that the magnitude of the
scattering can be obtained from the slope of a line plotted from ex;+rimentally
measured values. Section 5.2 demonstrates the effect of both the spontaneous
emission and the internal scattering on the spectral properties of diode lasers, Section
5.3 shows the experimental method of measuring the internal scattering and shows

experimental evidence in support of the theory of Section 5.2, and Section 5.4 is a

66
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summary.

5.2 Spontaneous Emission

Figure 5.1 is a plot of the amount of sponfaneous emission detected
through the sub'strate for 1.3 um InGaAsP index guided and gain guided devices as
a function of the threshold current. Figure 5.1 helps to demonstrate that the amount
of spontaneous light produced increases with increasing threshold. Note that the gain
guided devices (lower case in graph) exhibit much higher threshold currents than the
index guided devices (upper case and numbers in graph) and also produce 5-10 times
as much spontaneous emission. The data for Fig. 5.1 were obtained with the
instrument described in Chapter 2. The data was created by averaging P2 light (see
Fig. 2.3) over the central section of the laser and normalizing to obtain an amount
per unit length. P2 light was used because no single scattering event can couple TE
light into this polarization[38] and hence a measure of P2 light should be an
accurate measure of the spontaneous light produced since all the lasers tested lased
TE. The lasers were biased at about 0.5 mW above threshold to obtain the data for
Fig. 5.1. Figure 5.2 shows the saturation of the P2 light for a gain guided and an
index guided device as a function of current. From the data of Fig. 52 one can
conclude that the correlation presented in Fig. 5.1 does not depend strongly on
pumping, provided that the pumping level is greater than the thrashold current of the
device,

Note that it is the amount of spontaneous emission which couples into the

~7odes that is important and not just the fraction. To appreciate the distinction,
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Fig. 5.1 Spontaneous emission at threshold vs. threshold current for arrowhead
buried crescent (numbers), planar buried heterostructure (upper case),
and gain guided (lower case) lasers.

consider the spectral output of 2 diode laser before and after anti-reflection (AR)
coating of the facets. Experimentally, it is found that lasers run more
multilongitudinal moded after AR coating,[39,40] AR coating the facets of diode
lasers increases the inversion required to achieve lasing and hence increases the
amount of spontaneous emission. Although the same fraction of the spontaneous
fé‘r:i-lission may couple into the modes, the amount of spontaneous emission in the
modes is increased, and the lasers run more multilongitudinal moded.[41,42] A

similar argument can be made for lasers with differing amounts of absorption.[43]

it
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Spontaneous emission vs. current for (a) a gain guided laser with a
threshold current of 160 mA, and (b) a PBH laser with a threshold
current of 20 mA.
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Lasers with the larger threshold should run more multilongitudinal moded because
of the increased amount of spontaneous emission produced and hence coupled intﬁo
the modes.

The fraction of spontaneous emission which couples into a mode depends
upon the probability 8 = B, B, where B, is a geometric spontaneous emission factor
which represents the probability that the spontaneous emission is captured by the
mode, and B, is a spectral spontaneous emission factor which represents the
probability that the spontaneous emission has the correct polarization and an energy
lying in the interval defined by the mode.[37] It is expected that B, is approximatcly
the same for the lasers shown in Fig. 5.1 since the far fields subtend approximately
the same solid angle.{31,35,36,37] It is expected that B; is similar for all the lasers
since the band structure of the active regions are nominally the same. Thus the
amount of spontaneous emission which couples into the modes should follow the
trend shown in Fig. 5.1 and hence lasers with larger thresholds should run more
multilongitudinal moded than lasers with smaller thresholds. Since a large amount
of spontaneous emission will reduce the value of the effective scattering, (as
described in Chapter 3) the spectral output of lasers with larger thresholds (and thus
large amounts of spontaneous emission) should be less affected by internal scattering
than lasers with smaller thresholds. To appreciate this characteristic consider the side
mode suppression ratio (SMSR) I,/1,,, where I, is the power in the m™ mode and
I_,, is the power in an adjacent mode. In Chapter 4 the power I 'in the m™ mode

for a laser with one scattering centre was shown to be:
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- n(Gn~D( + R, G - 2/RG,, acos(2k, L) + RG2,0?]
1-R,R,G.
R<?

where R, = . s, i =12,
 1-2/RG,0cos(2k L) + RGZ o?

(5.1)

and <|&|>? from Eq. 4.9 has been replaced by ¢ (G,-1) which is the amount of
spontaneous emission which couples into the m'* mode.[33,42,43] The frequency
dependant terms in the effective reflectances R;n have the same phase relationship

for a given mode, that is
cos(2k,L,) = cos(2k L)) . (52)

Using this fact Eq. 5.1 can be simplified by noting that for small values

of scattering (o < <1) R,,=R,_, so that

_ ¢ (G,-1)

= ] 5.3
" 1-RG, )
Then the SMSR is
Im 1- Rm'-leﬁ-l
= (5.4)
Iml 1- Rme

if one ignores the small variations (<10%) in the amount of spontaneous emission
which couples into the adjacent modes. Equation 5.4 can be manipulated to yield

=1+ Im(l - Gm’lIGm) + Imev-l(Rm ~R..)

A , (5.5)
I ¢,(G,-1) ¢ (G -1)
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since above threshold 1-R_G_=1. For o < <1 the factor R, changes to first order in
o linearly with the fraction of the electric field scattered (c.f. Eq. 5.1). Also by using
the definition of G, from Ref. 33, one finds

L _ ., La- R 52 . F(g)a)
. A
¢, (G,-1)

(5.6)

b

where g, is the gain coefficient per unit length and is characteristic of the laser
material, and F(g) is a constant of the laser which depends on the laser material and
the location of the scattering centre. Equation 5.6 shows that the SMSR scales
inversely with the amount of spontaneous emission which is coupled into the modes.
Also, devices with large amounts of spontaneous emission should be less sensitive to
internal scattering than devices with small amounts of spontaneous emission.
Figure 5.3 is composed of plois of the side mode suppression ratio
(SMSR) as a function of ¢ for different values of scattering (o) for the same output
powers. The plots were made by calculating the side mode suppression ratio using
the model described in Chapter 4 for a laser with one scattering centre located
L,/(L;+L,)=025 from one facet and with the gain profile centred over a mode
receiving constructive interference from the scattering centre. The plots are straight
lines which confirms the inverse relationship between the side mode suppression ratio
and the amount of spontaneous emission as derived in Eq. 5.6. They also show that
the effect of scattering on the spectral output is masked by spontaicous emission.

The SMSR for a laser with a large amount of spontaneous emission (small ¢! and
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Fig. 5.3 Side mode suppression ratio vs. one over spontaneous emission for
various values of scattering: i) o =0, ii) 0 =0.0224, iii) o =0.0316,
iv) o =0.0387, v) 0 =0.0447.

scattering (0#0) is not much different than the SMSR for no scattering (o =0),
whereas the SMSR for a laser with a small amount of spontaneous emission (large
¢! is a strong function of o.

When scattering exists it is evident from Eq. 5.6 that the side mode
suppression ratio should change linearly with o /c. The data used to generate Fig. 5.3
can be used to demonstrate the linear relationship between the SMSR and o /c.

Figure 5.4 shows a graph of the side mode suppression ratio as a function of o for
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i) ¢=0.047, i) ¢=0.067, iv) c=0.114, v) ¢=0.400.

various values of ¢. The values of ¢ were chosen to be evenly spaced in ¢ so that the
linear nature of the dependence on ¢’ is evident. The data of Figs. 5.3 and 5.4
indicate that the quantity o /¢ is a valid measure of the effect of scattering on the
spectral properties of diode lasers and takes into account the masking effect of

spontanecus emission.
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53 Experimental Method

The scaﬁering properties of 1.3 um InGaAsP semiconductor diode lasers
were deterrnined :l;sing the data obtained from spatially resolved and polarization
resolved electrolﬁminescence (EL) measurements as described in Chapter 2. The
fracticn of light which is scattered back into the lasing mode as a function of position
along the active region is given by Eq. 4.17. Thus, to measure o> accuratcly,._qutially
resolved and polarization resolved EL measurements were made for five différent
output powers ranging from 0.5 to about S mW. From these measurements accurate
estimates of o2 are possible since the slope of a Ap P2 vs. Y1 graph is proportional
to o (Eq. 4.17).

The total amount of scattering and the amouﬁt of discrete (i.e., localized)
scattering which takes place in a laser is of interest because the total amount of
scattered light provides an estimate of the quality of the material in the active region,
and the amount of discrete scattering gives an indication of the effect of scattering
on the ipectral properties of the: devices. This was discussed in Chapter 3. Both the
total effective scattering (Ap,) and the discrete effective scattering (Ap,) were
calculated according to Egs. 3.1 and 3.2 for the different output powers of the laser.
This provides the data needed to calculate the total and discrete scattering (o) for
the lasers measured.

Figure 5.5 shows a graph of ApP, vs. YI_ for a planar buried

heterostructure laser. Note that the curve is linear in ¥ I_ which is a clear indication
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Fig. 5.5 Total (+) and discrete {0) scattering vs. output power for a PBH laser.

Note the linear relationship indicating scattering is taking place in the
laser.

of scattering. By performing a linear fit to this type of data, o information for all
lasers tested can be compiled, and the results are displayed in Fig. 5.6. The sample
variance was calculated for the least squares fit to give an estimate of the uncertainty
| w_.riof the fit. The uncertainty in o was calculated to be typically <2E-5, although thé_ g
uncertainty is higher for those data points at the origin of Fig 5.6. Figure 5.6 shows
that the index guided lasers which were tested tend to scatter more light than the

gain guided lasers which were tested.
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Fig. 5.6 Discrete scattering vs. total scattering for arrowhead buried crescent
(numbers), ptanar buried heterostructure (upper case), and gain guided
(lower case) lasers.

On the basis of the scattering data shown in Fig. 5.6, one might expect
lasers a, p, A, F, and H to show a similar perturbation of the spectral output (i.e., to
have regions of operation with similar SMSR or depth of modulation of the mode
envelope), since the discrete scattering is approximately the same for these five
lasers. Figure 5.7 shows the worst case spectral output of lasers a, m, p, A, F, and H.
The spectral output of lasers A, F, and H are more affected by scattering than lasers

a and p even though the lasers exhibit similar amounts of discrete scattering and
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Laser a Laser m Laser p

Laser A Laser F Laser H

Fig. 5.7 Worst case spectral output of gain guided (lower case) and index

A guided (upper case) lasers operating above threshold.

lasers a and p exhibit more total scattering than the otier lasers. This apparent
contradiction exists because the effect of spontaneous emission has not been
considered. Lasers a and p produce at and above threshold = 10 X as much
spontaneous emission as lasers A, F, and H.

Since the effect of scattering on the spectral output is masked by
spontaneous emission, a masked scattering parameter which includes spontaneous

emission was chosen to give an indication of the expected effect of scattering on the
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Fig. 5.8 Spontaneous emission masked scattering parameter ¢ /¢ for arrowhead
buried crescent {(numbers), planar buried heterostructure (upper case),
and gain guided (lower case) lasers.

spectral output. In Section 5.2 it was shown that the SMSR vari:d inversely with ¢
and proportionally to o. Thus the quantity o /c is used to describe the effect of
scattering on the spectral output of diode lasers. The amount of spontaneous
emission produced (c) is assumed to be proportional to the amount of P2 light
measured (as was done for Fig. 5.1), therefore the measured P2 values are used to
estimate c. Figure 5.8 shows a compilation of all the masked scattering values (g /c)

for the lasers tested. This masked scattering parameter is similar to the effective
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scattering parameter (A p ) used in Chapter 3 as can be seen from Eq. 4.17, and so the
‘correlation between o /c values and the spectral properties of the lasers is similar to
the correlation between A p and the spectral properties as shown in Chaptexj\ 3. Lasers
with similar spectral output are grouped together in Fig. 5.8. Lasers a,wrn, and p
operate multilongitudinal moded with weakly modulated mode envelopes (see Fig.
5.7), and have similar o /c values. Lasers A, F, and H run multilongitudinal moded
with strongly modulated mode envelopes and have large o /¢ values. Thus the effect
of scattering on the spectral output of diode lasers can be explained on the basis of
the amounts of internal scattering and of spontaneous emission. Both must be
considered for an understanding of the spectral properties. It is worth noting that
there is a large difference in the o/c values betﬁeen those lasers which run
multilongitudinal moded with weakly modulated mode envelopes (lower left portion
of graph) and those which run single moded or multilongitudinal moded with strongly
modulated mode envelopes. It is also worth noting that all the gain guided lasers
which were tested lie in the lower left corner of the graph of Fig. 5.7, and that these
lasers tend to run multilongitudinal moded with weakly modulated mode envelopes.

Figure 5.7 is very similar to Fig. 3.5 which graphs the effective scattering,
and thus the correlation between scattering and spectral properties is the similar for
both graphs. The major difference between Figs. 3.5 and 5.7 is that when the masked
scattering parameter (o /c) is used, the scale of the discrete o /c gives an indication
"~ of the possible SMSR for the laser. This provides more information about the effect

of scattering on any given laser. The data in Fig. 5.7 indicate that differences of two



81

orders of magnitude should exist between the SMSR of the lasers measured. Other
differences do exist between the graphs of Fig. 3.5 and 5.7. For example in Fig. 3.5
lasers A and J are superimposed over each other, but since laser J produces less
spontaneous emission than laser A, the masked scattering value of laser J ig'lzifger.
The scattering properties of laser B have increased from Fig. 3.5 to Fig. 5.7 as a
result of damage occurring between the measurements taken for F ig. 3.5 and Fig. 5.7.
With only these few exceptions, the two figures are similar and both demonstrate

differences in the material properties of lasers.

5.4 Summary

A study of the influence of spontaneous emission on the spectral
properties of diode lasers when internal scattering exists along the length of the
active region of the laser has been presented. It has been shown that the amount of
spontaneous emission masks the effect of internal scattering on the spectral output
of 1.3 um semiconductor diode lasers. Internal scattering affects the spectral output
through resonant enhancement of selected inodes. The spectral output of lasers with
large amounts of spontaneous emission which couples into the modes is not as
affe;:ted by scattering as the spectral output of lasers with small amounts of
spontaneous emission which couples into the modes.

A masked scattering parameter (o /c) was derived which can be used to
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orders of magnitude should exist betjyeen the SMSR of the lasers measured. Other
differences do exist between the graphs of Fig. 3.5 and 5.7. For example in Fig. 3.5
lasers A and J are superimposed over each other, but Since laser J produces less
spontaneous emission than laser A, the masI;ed scattering value of laser J is largei;.
The scattering properties of- laser B have in;reased from Fig. 3.5 to Fig. 5.7 as a
‘result of damaée occ-.lrr“i;.xg between the measurements taken for Fig. 3.5 and Fig.5.7.
With only these few exceptions, the two figures are similar and both demonstrate

differences in the material properties of lasers.

5.4 Summary

A study of the influence of spontaneous emission on the spectral
properties of diode lasers when internal scattering exists along the length of the
active region of the laser has been presented. It has been shown that the amount of
spontaneous emission masks the effect of internal scattering on the spectral output
of 1.3 um semiconductor diode lasers. Internal scattering affects the spectral output
through resonant enhancement of selected modes. The spectral output of lasers with
large amounts of spontaneous emission which couples into the modes is not as
affected by scattering as the spectral output of lasers with small amounts of
spontaneous emission which couples into the modes.

A masked scattering parameter (o /c} was derived which can be used to
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estimate the effzct of sczf;:tering on tﬁe spectral properties of a laser. This parameter
is very similar to the effective scg;tedng parameter (A"Up) used in Chapter 3, so when
comparing the internal propertieg of diode lasers the methods are similar.

The chapter provides an eii:lanation for th¢ spectral output. of diode
lasers, and for the difference in the spectral output between gain guided and index
guided devices based on the inﬂuence of the internal scattering properties of the
diode lasers and the amount of spontaneous emission produced and coupled into the
modes of the lasers. Both the internal scattering and the amount of spontaneous
emission are measured. Thi; ‘provides the parameters necessary for accurate
modelling of semiconductor diode lasers. In the next chapter the theory of the last
two chapters will be used to develop a model for the spectral properties of diode '

lasers that considers the effect of multiple scattering centres.



Chapter 6 Multiple Scattering and Absorption Model s
6.1 Introduction

In Chapters 3 and 5 it was shown that light is scattered inside diode lasers
from discrete scattering locations. In Chapter 4 a model was developed which
included one scattering centre along the active region of the laser. In this chapter the
model will be. expanded to allow for multiple scattering centres, and other non
uniformities.

Some effort has previously been made to model complex laser
structures,[44,45] that’is structures with non uniformities distributed along the
active region. A numerical multi-element matrix approach has been developed for
multiple cavity lasers. It was used to calculate mode lifetimes which could be coupled
with rate equations to obtain an estimate of the device characteristics.[44] This
numerical matrix approach was later adapted to analyze the performance of phase
shifted distributed feedback structures.[45)

In this chapter a model is described which can include many non
uniformities along the length of the device, and which allows for low reflectivity
facets. This has been accomplished by coupling the numerical matrix approach to the
model developed in Chapter 4. The model is used to examine the effect of multiple
scattering and absorption centres which may exist along the stripe of diode lasers.

The ability of multiple scattering centres to increase the side mode suppression ratio

83
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of the spectral output of diode lasers is reported. Also an examination of thc;. spectral
tuning whicﬁ exists with multiple scattering and absorption centres is presented.

Semiconductor diode lasers may have unusual tuning characteristics. Many
of these characteristic such as skipping modes are explainable based on the existence
of a single scattering centre as explained in Chapter 4. Some characteristics are not
explainable due to scattering alone, such as negative tuning. This is when a iasers
spectrum shifts to shorter wavelength with increased current. By measuring the
emission which comes through the surface of the laser using spatially resolved and
polarization resolved electroluminescence, it is found that. lasers with negative tuning
chafﬁcteristics typically have absorption centres along tﬁe stripe. It will be shown
using the Fabry Perot matrix model how an absorption centre coupled with multiple
scattering centres can lead to negative tuning.

In Section 6.2 the theoretical model for multiple scattering and absorption
centres is developed, Section 6.3 deals with the effect of multiple scattering on the
spectral output of diode lasers, Section 6.4 provides an explanation into the negative
tuning characteristics based on scattering and absorption, and a summary is given in

Section 6.5.

6.2 Numerical Fabry Perot Matrix Model

The purpose of this section is to model semiconductor lasers which are
complex due to internal scattering centres and absorption centres. Following the
theoretical approach of Ebeling, the laser is considered to be one dimensional,{44]

and can be divided into a number of uniform sections each of which is described by
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a transfer matrix[45] given by:
["i»l] _ [mn mu] ) {ai]
bmj my myl \b,

&
= o)

where M is the transfer matrix, the a;’s are left propagating electric fields and the b,’s

(6.1)

are right propagating electric fields. In this analysis three types of transfer matrices
are used tc describe the laser. The matrix which describes the gain or loss medium

with or without an absorber, is defined as:

-yL «ikL
M = [e 0 . ] (6'2)
0 eyl. - kL

where k is the wavenumber of the light, ¥ is the gain or absorption coefficient of the
media and L is the partial length of gain medium which will be referred to as a

pseudo cavity. The facets are described by

Byvn, -y

2n, 2n, 63
Mf = (6.3)
R =n, n+h,
2nI 2n,

where n; and n, are the indices of refraction for the semiconductor and air with the
order depending on the facet. Finally the matrix which describes the scattering centre

is:
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(6.4)

L2

where o is the fraction of light which scatters back into the mode and t is the
fraction of light which is transmitted through the scattering centre and not scattered.

The product of such matrices becomes the transfer matrix for the laser so that
[“N] . [mu "'12] ) {“1]
by) \my myl \b
- (a
bl

For a laser boundary conditions exist that there is no light input into the

(6.5)

cavity, i.e., ay = D and b; = 0. At the lasing condition a, is finite therefore m,, = 0.
This condition can be calculated numerically by increasing the gain parameter y
(which is frequency dependant) until m;, = 0, revealing the threshold gains for each
frequency. The effective reflectivity of each mode is then calculated by equating these

threshold gains with the threshold condition of a laser as given by Eq. 5.3, that is:
1-RG, =0, (6.6)

Here G, is the single pass gain of the laser: G, = exp(yL,,), where L, is the total
cavity length of the laser. Using the mode dependant reflectances (R_,) calculated by
the numerical matrix model the results are adapted to the single scattering centre

model such that Eq. 5.3 now describes the modal intensity output for a laser with
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multiple scattering centres. If a localized absorber is present it will provide
localized heating in the laser cavity. Localized absorbers have been observed in GaAs
lasers with a temperature increase associated with ihe local absorbers of up to 40
K.[14] An increase m temperature will _have the effect of changing the optical path
length.[46] If scattering centres are present the optical path length of the small
pseudo cavity defined by scattering centres which surround the localized absorber will
increase relative to the rest of the laser cavity. The increase in length will change the
effective reflectances of the cavity modes making the effective reflectances functions
of the pumping level. The matrix describing the gain medium which contains an
absorber will then have a length L(y) which changes with pumping level. With the
new values of effective reflectivity, the modal intensities of the laser can be

calculated using Eq. 5.3.

63 Spectral Output of Lasers with Multiple Scattering

In this section an effort is made to demonstrate how a complex
semiconductor diode laser can be accurately modeiled. Also spectra which cannot be
accounted for with a single scattering model are shown. Multiple scattering can have
a large effect on the spectral properties of diode lasers. Consider a 250 um long laser
with one scattering centre located 25 um from one facet, with a scattering value of

o =0.0009. Figure 6.1 shows a graph of the resulting effective reflectance (R,,). If nine
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Fig. 6.1 Eifective reflectance (R_) for a laser with one scattering centre located
25 um from a facet and o =0.0009.

scattering centres are located each 25 pm apart along the entire active region with
scattering values of ¢ =.0001, so that the combined scattering amplitude is the same
as before, then R_ will appear as in Fig. 6.2. This change in the effective reflectance
has a large effect on the spectral output as can be seen from the theoretical spectra
shown in Fig. 6.3. Even though the same amount of scattering was used for both
theoretical spectra, the side mode suppression ratio is greater when mulitiple

scattering centres are used.
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Fig. 6.2 R, for a laser with 9 scattering centres distributed 25 um apart along
the length of the active region each with o =0.0001.

6.4 Negative Spectral Tuning

A small percentage of semiconductor diode lasers tune to shorter
wavelength with increasing current over a limited current range. I have measured two
lasers which exhibit negative spectral tuning. These lasers were the only lasing
devices measured to have absorbing regions in them. Also, both scattered large
amounts of light. Figure 6.4 shows the spatially resolved electroluminescence (EL)

of the two lasers, with the absorbing regions noticeable as indentations in the EL
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Fig. 6.3 Theoretical spectra created using R, from (a) Fig. 6.1, and (b) Fig. 6.2.

profiles. The absorbing region in Fig. 6.4 (b) is much larger then in Fig. 6.4 (a), and
the laser of Fig. 6.4 (b) tunes negatively over a larger range of operating conditions
than does the otﬁer laser. It was hypothesised that negative spectral tuning may be
explained by considering the effect of a localized absorber in a laser which contains
multiple scattering centres. The theoretical approach used to test this hypothesis was
to allow one of the pseudo cavities in the laser to grow with pumping, thus simulating
the increase in the optical path length caused by localized heating. If the localized
absorber is located in a small pseudo cavity, then R, will shift slowly in frequency
space as the cavity is increased. To demonstrate this, consider R | for a laser with one
strong scattering centre located 10 um from a facet and R, from the same laser if

the 10 um long pseudo cavity increases in length by 0.01 um. R, for both cases is
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Fig. 6.4 Spatially resolved electroluminescence distributions showing absorptive
regions for (a) laser C and (b) laser E.
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shown in Fig. 6.5 and the:-shift in R, with the optical path length increase is evident.

REREREEE

0.3036
£0.3032
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0.3028

—-10 -5
mode number

Fig. 6.5 R for scattering centre located 10 um from a facet in a 250 um long
laser (solid line}, and 10.01 ym from a facet in a 250.01 um long laser
(broken line). Notice the shift in frequency of R,

This frequency shift can be positive or negative depending on the pseudo
cavity whose optical path length is growing. If only one scattering centre is assumed
to exist and the absorber is modelled as increasing in temperature proportionally to
the driving current, then the mode structure may be interesting, although no negative
tuning will occur. This is because R, shifts in frequency with driving current slower
than the frequency shift of the gain peak with current. However, if multiple scattering

centres are allowed to exist, the resulting R is a complicated function of the
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scatterers, and peaks in R, may change position much more rapidly with current due
to changes of the relative phases of the scattering from the different scattering
centres, resulting in negative tuning over a limited current range.

Figure 6.6 shows plots of theoretical spectra for a laser which tunes to

...;ll||| .|||I|m..., l...nlll“ .hln..u_._u A...1||‘ ||I|n....u
a) )

( (b) (c
ol I ..1||. 1T .LL[_ ||l|:.A
(d) (o) (f)

Fig. 6.6 Theoretical spectra of a laser. The spectra is lasing in a central mode
in (a) and (b), has shifted to shorter wavelength in (c), and then shifts
to longer wavelength in (d), (e) and (f).

shorter wavelength, even though the gain peak is shifting to longer wavelength. Six
spectra are shown in the figure corresponding to an increase in the pumping from
Fig. 6.6 (a) to (f). R, used to create the spectra of Fig. 6.6 (a) and (c) is shown in

Fig. 6.7 The change in R, in the figure is associated with an increase of 0.01 um in



94

0.2830

0.2825

mE 0.2820

0.2815

mode number

Fig. 6.7 Plots of R_ changing due to an increase in a 27 um cavity of 0.02 um.
The R, plotted were used to create tha theoretical spectra of Fig. 6.6
(a) and (c).

a 27 um long pseudo cavity; an increase of 0.037%. Notice how much larger the

change in R, is in Fig. 6.7 than the change due to one scattering centre in Fig. 6.5.

Based on measurements made of temperature funing,[46] the increase of 0.037%

corresponds to a temperature differential between the pseudo cavity and the rest of

the laser of 48 K. This temperature differential is larger than would be expected,

although it is expected that negative tuning could be modelled with smaller

temperature differentials using different scattering parameters.
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An effort was made to find experimental evidence to support the model
of negative tuning, using a variable temperature gradient across a device which was
seen to tune to shorter wavelength. Theoretically, a variable temperature gradient
will have the same effect as scattering centres which move small distances inside the
device. To explain this, consider a device with one scattering centre. The average
temperature of the pseudo cavity on one side of the scattering centre will be larger
than the average temperature of the pseudo cavity on the other side of the scattering
centre. The temperature difference will result in a relative change in the optical path
lengths of the two pseudo cavities, which is equivalent to the scattering centre moving
a small distance. The effect on R, of a moving scattering centre will be to shift R,
in frequency, similar to the effect shown in Fig. 6.5. A large enough range of the
temperature gradient would shift the effective reflectivity continuously resulting in
an oscillation of the lasing modes in frequency space. This can be explained using R,
for a laser with one scattering cenire located 50 um from one facet. The variable
temperature gradient is modelled by moving the scattering centre in .01 um
increments. The resulting values of R,, are shown in Fig, 6.8 for the first five
increments. The theoretical spectra of this laser can be seen in Fig. 6.9 for various
locations of the-scattering centre. One can see that the lasing mode oscillates with
the distance moved. If a large enough temperaiure gradient could be achieved more
than one oscillation should be evident in the spectra as the temperature gradient

changes.

The experiment was done on a laser (Laser E) which exhibited negative
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Fig. 6.8 R for a laser with a scattering centre located 50 (solid line) to
50.05 um from a facet in a 250 um long laser. Natice the movement of
R,, to the right.

tuning. At low current the laser operated single moded and at higher current the

laser also operated single moded, but at a shorter wavelength. To begin the

experiment the laser was biased so that lasing would occur at both these frequencies;

the spectrum is shown in Fig. 6.10. A probe which was attached to a soldering iron

was brought close to a facet of the laser, so as not to touch the laser, and so no

optical feedback would occur. The power to the soldering iron was turned off and

then the laser cooler current and the spectra of the device were continuously
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Fig. 6.9 Theoretical spectra for a 250 um long laser with a scattering centre
located 50-50.16 um from one facet. Notice that the dominant lasing

mode oscillates in frequency space as the scattering centre moves
across the device.

monitored.
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Laser E

Fig. 6.10 Measured spectrum of faser E, at mid point between shifting from
longer wavelength to shorter wavelength with increasing current or
temperature.

To quantify shifts in frequency between the two lasing modes, a parameter
(¥ ) was created such that if I, is the intensity of one mode and I is the intensity of

the other, then

¥ = . 6.7)

This parameter ¥ is positive if I,>1,, and negative if I, <I,, and varies
continuously from -1 to 1. Figure 6.11 shows two graphs of ¥ plotted as a function
of the laser cooler current for the same laser. The cocler current is assumed to be

proportional to the energy being absorbed by the laser, and also proportional to the
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Fig. 6.11 Plots of changes in ¥ with the temperature gradient through device
which is represented by the cooler current. Notice the oscillations of ¥
with respect to the temperature gradient.
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applied current gradient. One can see from the results that oscillation do indeed
occur in frequency with respect to the applied temperature gradient. This gives an
indication that the phenomenon described in this section is a reasonable explanation

into the negative tuning behaviour of diode lasers.

6.5 Summary

A model has been developed which can be used to model complex laser
structures. The model has demonstrated possible effects of many scattering centres
on the spectral properties of lasers. Also a possible explanation has been given as to
why lasers may tune to shorter wavelength with increasing temperature and current.
This phenomenon is thought to be caused by the combined effect of a localized

absorber and multiple scattering centres.



Chapter 7 Conclusion
7.1 Introduction

This concluding chapter is divided into two parts. Section 7.2 elaborates
on further research which is recommended and Section 7.3 provides a summary of

the work.

7.2 Recommended Additional Research

The degree of polarization (p ) measurements outlined in this thesis were
used to derive information on the stress and scattering distributions in diode lasers.
Only p measurements away from the facet were used for this purpose. That is
because large changes exist in p with applied current near the facets, changes which
have not yet been explained. In Chapter 2 it was mentioned that above threshold
stimulated TE light will scatter off the heat sink and couple into P1 light increasing
the value of p. However below threshold p becomes highly negative near the facets.
A possible explanation is based on the fact that the reflectance for TE light is higher
than for TM light due to the shape of the guided mode. This means that more TM
light will be transmitted. It is possible that the small amount of light transmitted

through the facet at large angles of transmission may be scattered at the facet so as

| _101
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to couple into the P1 and P2 light, decreasing p, since more TM light is transmitted.
An understanding of the facet effects could be useful so that strain and scattering
information near the facets may be obtained.

In Chapters 3-5 the scattering properties of diode lasers were measured
and used to explain spectral properties of diode lasers, however the scattering
mechanism is not yet known. It is recommended that further research be taken into
understanding the scattering mechanism, and isolating the physical process
responsible for the scattering.

The lasers studied should be examined with spatially resolved and
polarization resolved photoluminescence (PL). The strain information should be
identical to that obtained with EL. Also it would be interesting to find out whether
there are non uniformities in the PL distributions that correspond to the non
uniformities of the EL distributions.

Spatiaily resolved and polarization resolved EL and PL may be used to
study the facets of lasers. The EL measurements would provide highly resolved near
field measurements which could be taken far below threshold. Ideally these
measurements would provide information about the current flow in the devices, and
the development of the lasing modes.

In Chapter 6 graphs were shown of the theoretical effective reflectances
of diode lasers with scattering centres. An experimental verification would be very
useful to test the theory. If scattering centres could be made inside devices,
subsequent measurements of their spectral and scattering properties might be very
enlightening.

Also in Chapter 6, an explanation into the negative tuning behaviour of

diode lasers was given. This was by no means a rigorous proof. Therefore further



103

‘work into understanding this phenomenon should lead to a better understanding of
the operation of diode lasers.

Preliminary accelerated aging tests have been performed on diode lasers
and stress relaxation is observed in previously unaged lasers. More research is needed

to discover the nature of this process.

7.3 Summary

An instrument has been developed to measure the spatially resolved and
polarization resolved electroluminescence (EL) of 1.3 x#m semiconductor diode lasers.
Using this device it is shown that the material properties of diode lasers are not
uniform along the length of the active regions of the devices.

The stress distribution along the active region of diode lasers was
measured. It was found that gain guided lasers have lower internal stresses than index
guided lasers, and that the stress distributions for both devices are non uniform.,

The scattering of siimulated emission has been measured in diode lasers.
It is found that the scattering comes from sources distributed along the active region
of the lasers. The amount of scastering varies between lasers, with gain guided
devices scaitering less light than index guided devices.

The scattering and spontaneous emission properties of diode lasers have
been correlated with the spectral properties of diode lasers. It is observed that
devices which scatter large amounts of light are more likely to operate single moded
or multilongitudinal moded with highly modulated mode envelopes, than are devices

which scatter small amounts of light. Also, the effect of the scattering on the spectral
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properties of diode lasers is found to be masked by the améunt of spontaneous
emission produced by the laser; that is, a laser which produces a large amount of
spontaneous emission is less affected by internal scattering than a laser which
produces a smaller amount of spontaneous emission.

“This correlation between the scattering, spontaneous emission and spectral
properties has been explained theoretically using an appropriate model. The model
was developed to consider the effect of scattering centres on the spectral properties
of diode lasers. The results of the modelling have led to an understanding of the
experimentally observed spectral properties of diode lasers, and have provided an
explanation into the tuning characteristics of diode lasers. A reason for negative
tuning has been given based on the results of a theoretical study of the effect of
multiple scattering centres and localized absorbers.

Non uniformities of strain and scattering have been measured in 1.3 um
InGaAsP semiconductor diode lasers. These non uniformities have been modelled
and provide an explanation for experimentally measured spectral properties of diode

lasers.



Appendix Circuit Diagrams

This appendix contains diagrams of the circuits used to control the
spatially resolved and polarization resolved electroluminescence apparatus. Not all
decoupling capacitors have been marked on the circuit diagrams, e.g., in most of the

circuits 0.1 uF capacitors are connected between the inputs of the power supply to

the card and ground.
The following circuits are shown;
(1) Laser Driver Circuit.
(2) Laser Cooler Circuit.
(3) Motor Driver Circuit.
(4) Wien Bridge Oscillator Circuit.
(5) Position Sensor Circuit.

(6) 9-Pin Connector Diagram.
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