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ABSTRACT
STRAINED LAYER InGaAs/GaAs SINGLE QUANTUM
WELL LASERS UNDER HIGH INJECTION

R. Raghuraman

Oregon Graduate Institute, 1993

Supervising Professor : Reinhart Engelmann

The widespread interest in strained-layer InGaAs/GaAs quantum-well
(QW) lasers which extend the available wavelength emission beyond GaAs
has been a result of advances in the epitaxial growth of strained layers.
Although extensive research has been done on these lasers, not much is
understood about the modified device properties under fairly high injection
conditions, which is of both practical and theoretical interest. In this
dissertation, the experimental studies on the optical characteristics of devices,
in pulsed operation, is reported for single quantum well Ing 2GaggAs strained
layer in a Separate Confinement Heterostructure (SCH). At high injections.
with substantial carrier spill-over into the barrier (GaAs) regions, the
appropriate cavity dimensions for operation in two or more wavelengths has
been investigated. Time integrated and time resolved spectral investigations
coupled with sub-nanosecond resolved light pulse measurements indicate

the complex nature of the switching mechanism as a result of gain

xii




nonlinearities due to spectral and spatial (not only laterally but also vertically
due to carrier spill-over in to the barrier) hole burning mechanisms. A power
dependent nonlinear gain contribution even at lower powers lead to the
instability condition of gain enhancement (dg/dP>0). This resulted in a de-
damping of the resonance frequency whose effect decreased with increasing
power. Subsequently gain suppression effects forced the relaxation oscillation
frequency to saturate. The nonlinearities facilitated the switching of lasing
emission to shorter wavelengths. Furthermore, the properties of strained
layer devices have been investigated under substantially high injections with
complete carrier spill over into the barrier regions. A remarkably low
linewidth enhancement factor and higher differential gain have been found
in spite of the device lasing in a quasi-Double Heterostructure (quasi-DH)
mode from the GaAs barrier regions. The experimental results at high
injections makes such lasers attractive for utilizing their wavelength
switching capability over a wide wavelength range by proper control of losses

in the lasing cavity.
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Chapter 1

INTRODUCTION

Semiconductor laser sources have been found to be promising
candidates for use in high-speed photonic integrated circuits for optical
interconnections in large computer systems and in optical communications.
The properties of a new class of superlattices and quantum-well
heterostructures are in many ways superior to those of bulk materials. Some
of their superior performance characteristics are lower threshold current
density, higher external quantum efficiency, less temperature dependent
threshold current, higher differential optical gain, improved coherency with
reduced lasing linewidth, superior mode stability, larger modulation
bandwidth and reduced chirping during modulation.

Improvements in the above mentioned characteristics have been a
result of increased understanding of controlled epitaxial growth and device
operation. The unique combination of practical, physical, electrical, optical
and chemical features has been the primary reason for the development of
the most sophisticated heterostructure AlGaAs/GaAs laser system. The
chemical system is such that it is feasible to grow high quality structures with
basic epitaxial growth methods, such as liquid phase epitaxy (LPE), and with
more advanced thin layer epitaxial methods such as metalorganic chemical

vapor deposition (MOCVD) and molecular beam epitaxy (MBE). The
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fortunate coincidence that AlAs and GaAs have, for all practical purposes, the
same lattice constant (Aa/a < 0.12%) is probably the vsingle most important
feature of the AlGaAs/GaAs heterostructure system. Without any problems
of lattice mismatch and the associated dislocation formation, it allows design
of any structure until the onset of indirect transitions. From such lattice
matched AlGaAs/GaAs conventional double heterostructure and quantum
well lasers, the range of available wavelengths is from 0.65 pm to 0.88 um.
The band edge for GaAs defines the long wavelength limit and AlGaAs active
layers or quantum size effect, or both, are used to achieve emission at shorter
wavelengths. The increased influence of the large mass indirect conduction
band minima at X and L on direct recombination processes near I' limits the
shortest wavelength possible.

After AlGaAs/GaAs, the other material system for lasers that has been
studied extensively is InGaAsP/InP. Though the chemical system is suited to
LPE growth, it is difficult to handle elements like Phosphorous in the more
advanced epitaxial growth systems like MOCVD and MBE, although it is
being used in both systems. In addition for obtaining a lattice match between
InGaAsP and InP, it is necessary to have better control of the stoichiometry
during growth of the alloy. The application as a source in long wavelength
communications, in the 1.3 and 1.55 pm windows with minimum dispersion
and low loss fibres, has been a strong catalyst for developing this
heterostructure system. The range of wavelengths achievable in this system
from conventional double-heterostructures and quantum well
heterostructure lasers are between 1.1 um and 1.7 um. Insufficient

heterostructure conduction band discontinuity determines the short
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wavelength limit and devices operate with high threshold carrier densities
due to poor carrier confinement. The band edge of the ternary InGaAs lattice
matched to InP provides the long wavelength limit.

Such lattice matched heterostructure systems, however, do not offer
operational laser systems in the wavelength range of 0.88 um - 1.1lum. Some
important applications require laser emission in this range, including
frequency doubling of wavelengths around the 1.06 pm emission of Nd:YAG
solid state lasers, and pumping of Er-doped silica fiber amplifiers at 0.98um.
The most suitable material system for this wavelength range of interest, from
the available direct gap III-V compound semiconductors, is InxGa1-xAs. The
addition of Indium in GaAs allows variation of the bandgap monotonically
from 1.41 eV (GaAs) to 0.36 eV (InAs). However, no binary substrate material
that is lattice matched to the alloy is available in this range of wavelengths.
InAs has a lattice constant of 6.058 A. To grow epitaxial films of InGaAs on
GaAs (lattice constant of 5.653 A), suitable for laser operation, it is therefore
necessary to violate the lattice matching requirement between the two
material systems. Thus a very large mismatch (Aa/a as much as 3%) has to be
accommodated in such a heterostructure system. However, with advanced
techniques like MBE and improvement in control of stoichiometry and
growth conditions, it has been shown that epitaxial films whose lattice
constant differs from that of the substrate, can be constructed with fairly low
defect density if they are sufficiently thin23.

The film thus grown is structurally constrained to be coherent with the
substrate by forcing the lattice constant of the film to adjust in the plane of

growth to match that of the substrate. The elastic deformation due to a stress
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on the film applied by the larger volume substrate forces the film to be
"strained" in response. Such epitaxial layers are referred to as being
"coherently strained” or "pseudomorphic”. There are however fundamental
limits to the thickness to which these structures can be grown maintaining
the necessary "coherency" with the substrate. The energy associated with the
elastic deformation in the pseudomorphic film imposes this constraint3. For
low enough Indium concentration the limiting thickness is large enough to
be useful for growth of suitable devices. For instance, with 30% Indium,
epitaxial films with thickness of 10nm can be grown maintaining the
pseudomorphic natured.

After initial work in the early 1970's on strained-layer superlattices,
most of the work on devices using strained-layers has occurred in the past few
years. Exhaustive accounts on different semiconductor material systems using
strained-layers are available>:6. Development of such devices as photoexcited
lasers7-?, quantum well injection lasers10-15, light emitting diodes16.17,
photodetectors18, and high-electron-mobility-transistors19.20 using strained
layer have been a result of the progress in fabrication of pseudomorphic
semiconductor structures.

Injection lasers utilizing such InGaAs strained-layers have many
interesting properties. Lower transparency currents2l, low threshold current
density broad area devices!3, and relatively high continuous wave output
powers22,23 have been obtained. In addition, higher modulation speeds?4
through enhanced differential gain21.25.26, larger carrier dependence of the
real refractive index25, and reduced linewidth enhancement factor2527 has

been observed compared to their GaAs/AlGaAs unstrained counterparts. The
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further improved properties of the quantum well lasers with the addition of
strain in the quantum well layer, reflects the unique advantages of lasing
from the lowest (n=1) energy subbands produced by the quantum size effect
and the strain induced splitting of the heavy and light hole level in the
valence band?8. In the case of compressive stress as in InGaAs on GaAs, the
holes at the highest valence band maximum are "heavy" in the direction of
quantization (perpendicular to the epitaxial film plane). The biaxial strain
gives rise to an isolated, anisotropic heavy hole band with in-plane light-hole
character (in compressive strain). The simultaneous reduction of the valence
band density-of-states effective mass resulting in minimized asymmetry
between the valence and conduction bands has been tendered as an
explanation for the observed improvements. The biaxial layer strain alters the
atomic bond lengths and bond angles thus resulting in the modification of
the upper valence bands?9.

Design considerations for the strained-layer single quantum well lasers
have to take into account the constraints imposed by the critical thickness of
the strained layer on the one hand3? and the quantum well thickness
optimized for a particular application on the other. This results in a need for
an indepth and systematic study of such devices to optimize the cavity
specifications both in terms of its structure and the electrical and optical
characteristics depending on the application. When properly designed, the
mismatched layer is thin enough that the difference in lattice constants is
accommodated by elastic strain instead of misfit dislocations3. Several
different structures such as ridge waveguide lasers!4:31.32, transverse junction

lasers29, oxide-defined3334 and shallow mesa stripe-geometry gain-guided
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devices30 have been reported with excellent performance for a variety of
optical confining layer AlGaAs compositions, (carrier collection) barrier layer
(Al)GaAs compositions, InGaAs quantum well active regions, and other
growth parameters, using either MOCVD or MBE growth techniques.

In this thesis study particular interest has been placed on the behavior
of strained-layer quantum well lasers at extremely high injection levels
where carrier spill over into the barrier region becomes significant due to
insufficient barrier height at the InGaAs/GaAs hetero-interface resulting in
poor confinement of carriers. Recombination from the barrier would then
dominate at sufficiently high drive levels with devices eventually lasing at
the shorter barrier wavelength which has been observed by Shieh et al.35 and
by Beernink et al.36in narrow stripe gain-guided InGaAs/GaAs single
quantum well lasers. In analyzing the gain induced antiguiding effect in such
lasers3>, it was felt that the strain-modified band structure could influence the
strength of the gain induced antiguide since they are expected to be closely
related. The difference in the gain guiding behavior between the
InGaAs/GaAs and GaAs/AlGaAs quantum well lasers resulted in the
observed larger lateral leaky mode losses of the former. A comparative study
of the threshold current behavior with stripe width showed dramatic
difference between the unstrained GaAs/AlGaAs and strained InGaAs/GaAs
systems. Though the threshold current in the former was found to decrease
with decreasing stripe-width, consistent with reduced pumping area, the
latter system showed a relatively strong increase when reducing stripe widths.
With the lateral optical loss being no longer negligible, coupled with a

smaller confinement factor in single quantum well lasers, increased pumping
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levels are thus necessary to counter the losses. Here it should be noted that
gain saturation effects are present in the strained system even at relatively
low values for the modal gain. Such saturation behavior could also
potentially affect the high speed performance, theoretically predicted to be
high (up to 90 GHz37) due to the expected enhancement of differential gain.
The well known saturation of linear gain in quantum wells! leads to rapid
bandfilling and population of higher levels, eventually including the barrier
and, thus, provides an additional incentive to investigate such devices for
their potential in wavelength switching applications.

The motivation to thoroughly study the optical characteristics under
fairly high injections in a systematic manner, provided by the factors
discussed above, is to understand better the spectral and dynamic behavior
associated with substantial shifts in the operating wavelength from the
quantum well value to the distinctly shorter barrier recombination. The work
presented in this dissertation focusses on the experimental characterization of
single quantum well devices under pulsed operating conditions in terms of
their optical output behavior through extensive spectral (both time averaged
and partially time resolved) and sub-nanosecond resolved light pulse
measurements. By appropriate choice of cavity dimensions it is shown that
controlled switching of lasing emission, between the n=1 and the n=2
quantum levels and eventually to the barrier, with increasing drive level, is
possible. Furthermore, by understanding the spectral content at different
drive levels and correlating the results to the observed light pulse behavior, a
better handle is thereby obtained to explain the influence of nonlinearities, in

addition to the larger carrier induced antiguiding observed, that not only
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causes the switching behavior, but also limits the achievable dynamic
characteristics in strained quantum well lasers. With the increased losses in
narrow stripe devices, the question also arises as to how such a device, that
operates from the barrier, so to speak in a purely "quasi double
heterostructure” mode, influences such properties as linewidth enhancement
factor, which when operated on the lowest quantum well transition, is
expected to be reduced by a factor of more that two thirds38 in strained
quantum well lasers based on the expected enhancement of differential gain.
In order to provide a sound basis for comparison this work addresses only
single quantum well stripe-geometry gain-guided semiconductor diode lasers
with a 20% Indium concentration in the active layer (quantum well).

The organization of the dissertation is as follows. Chapter 2 provides a
brief analysis of the high injection conditions and its influence on the device
operation. The device structure, processing and characterization in terms of
its fundamental electrical and optical characteristics, as well as the results of a
systematic evaluation of the (time-averaged) switching of operating
wavelength with appropriate choice of cavity dimensions is provided in
Chapter 3. Chapter 4 deals with extensive spectral measurements to
determine explicitly the spectral content (in a partially time resolved manner)
as a function of injection level and also correlate the results to sub-
nanosecond resolved light pulse observations thus obtaining a better
understanding of the possible physical mechanisms involved in the
switching process. The experimental results on the device characteristics
under quasi-double heterostructure operation is presented in Chapter 5.

Finally, conclusions and suggestions for future work are given in Chapter 6.



Chapter 2

HIGH INJECTION OPERATION OF STRAINED-LAYER LASERS

2.1 Introduction

A substantial amount of work is being done to develop high quality
and high performance strained layer lasers toward the goal of achieving
reliable operation suitable for application in a variety of operating conditions.
The extent of stress3! in a typical strained active quantum well layer in the
InGaAs/GaAs system is about 1 - 3 x 1010 dyne/cm2. This might cause
dislocations fatal to lasing especially at high power operations essential for a
practical pumping source for Er3+ - doped fiber optical amplifiers3%. To
identify optimal structures, different devices, including ridge waveguide,
buried heterostructure, oxide-defined and mesa stripe-geometry gain guided
lasers, and so on, have been developed. This chapter provides an overview of
the device structure with a strained active layer and the constraints in
particular for operation under high injection when losses in the cavity are
higher. Implications of carrier spill-over out of the quantum well into the
surrounding regions are discussed followed by the final section on possible

applications in wavelength switching.
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2.2 Design considerations

2.2.1 Threshold current

Previously unattainable wavelengths of operation in semiconductor
lasers have been successfully achieved by suitable variation of the bandgap of
the active region through incorporation of strain with the loosening of the
lattice matching constraint in such heterostructures!1,13,14,22,29,40, The bijaxial
strain thus induced in strained-layer InyGaj.xAs/GaAs quantum wells has
been shown by recent studies to induce a lowering of the in-plane effective
mass through lifting of the degeneracy of the valence heavy and light hole
bands41.42. It has been shown theoretically28,37,43,44 and verified
experimentally24 that the resulting reduced density of states in the valence
band provides a reduction in the threshold current for such strained layer
devices.

The threshold current in a laser is determined by the threshold current
density and the physical area of the active layer. It would be natural to
consider reducing the threshold current by minimizing the width and length
of the laser cavity, the current density for transparency and also to overcome
the cavity loss and carrier leakage, if any. In a strained layer laser, the reduced
asymmetry between the valence and conduction bands helps to achieve lower
transparency currents. It is well known that the excess carrier density required
to invert the bands, which requires that the separation of the quasi-Fermi

levels be larger than the bandgap energy, is typically greater than 1018 carriers
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per cm3 (both electrons and holes). The quality of the epitaxial layers from
which the junction is formed will influence the ability to achieve this excess
carrier density. Improper crystal growth could lead to large number of energy
levels deep within the band gap. This in turn could lead to increase in
nonradiative recombination through these levels and hence reduce the
available carrier density for inversion requiring higher injection drive levels.
With sufficient progress in the growth techniques, it has been possible to
reduce the extent of device imperfections like junction leakage via deep
levels or waveguide imperfections which could otherwise play a significant
role in determining the threshold current density.

Reducing the cavity length gives a monotonic decrease in threshold
currents in typical double heterostructure lasers. However, it has been found
that for single quantum well lasers the threshold current rises rapidly for
cavity lengths below a critical value45. This behavior was attributed to the
pronounced linear gain saturation in the quantum well structure#647 due to
the small carrier confinement factor. It is interesting to note in this context
that a more dramatic increase of threshold current towards shorter cavity
length has been observed for broad stripe strained layer InGaAs/GaAs single
quantum well lasers4® as compared to their unstrained counterparts49. In
addition, Shieh et al.35 have observed a rapid increase in the threshold
current when the stripe width was made narrow in a gain-guided stripe-
geometry strained-layer laser. The unusually large index antiguide resulting
from the injected carriers increased the lateral optical losses as the stripe
width was reduced. The unstrained GaAs/AlGaAs single quantum well

lasers, unlike the strained layer devices, exhibited a decrease in threshold
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current as the stripe width was reduced consistent with a reduction in the
pumping area. Whereas the gain induced antiguide effect in the unstrained
GaAs/AlGaAs quantum well laser system is much weaker than in the
unstrained GaAs double heterostructure lasers®0, the modification of the band
structure in the strained InGaAs/GaAs quantum well lasers was felt to cause
the observed difference in the gain-guiding behavior between the two
quantum well systems. Such a conclusion was arrived at from an
investigation of the far fields and estimation of the carrier induced change of
the index and the Petermann K factor3l. The larger values for the K factor
compared to similar GaAs/AlGaAs unstrained quantum well lasers
confirmed the larger antiguiding and hence the increased lateral losses and
the higher thresholds for narrow stripe strained-layer devices.

By suitable choice of the thickness of the quantum well one can select
the wavelengths at which the device operates. A wider well would reduce the
energy separation between the n=1 and the n=2 transitions and vice versa.
Availability of higher subbands in the quantum well is dependent on the
depth of the quantum well, i.e., the indium concentration. Furthermore, it is
necessary to consider the critical thickness limits corresponding to the
percentage of Indium in such strained layer structures vis a vis the optimum
quantum well thickness with regard to improved performance. It has been
reported in the literature that there exists an optimum thickness for a given
concentration of Indium in the quantum well’2. In evaluating the
dependence of threshold current density on the quantum well width, it was
indicated that there was an increase in the threshold for smaller widths,

whereas it did not change much for widths between 40 A and 90 A at 25%
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Indium concentration in the active layer. The reason for the existence of a
minimum in the threshold current for a given Indium concentration was
attributed to the capture time of electrons which reaches a minimum and is a
monotonic function of the width53. Hence for a narrow well the collection
efficiency becomes poor resulting in a higher threshold current density.
Choosing the width of the quantum well between 40 A and 90 A, the optical
cavity losses, including waveguide imperfections and lateral leaky losses,
would essentially determine the threshold characteristics of the strained
quantum well lasers.

Interestingly, the maximum modal gain available in the quantum well
is independent of the thickness if the confinement factor is assumed to vary
linearly with well thickness as in the case of optical waveguides formed by a
separate confinement heterostructure. A reduction in the confinement factor
when decreasing the well thickness, is compensated by an increase in the
available density of states, which is inversely related to the well thickness>4.
Comparing, for the lowest QW transition, the maximum modal gain
available in a compressive-strained system, like the InGaAs/GaAs, to the
unstrained system, like GaAs/AlGaAs, it is found to be smaller by one half in
the former®>. Thus strained QW systems are expected to shift more readily to
the shorter wavelength transitions that correspond to the available higher
energy levels, when the optical loss from the laser cavity is increased. Even

carrier spill-over may result.
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2.2.2 Carrier spill-over

With higher losses leading to higher thresholds, the carrier
distribution in the surrounding regions (barriers and cladding) need to be
considered at the required higher injection levels. Carrier "leakage" out of the
quantum well is then an important contribution to the total current. Such a
leakage mechanism, that fills up the higher energy levels, becomes stronger
with increased injection as the quasi-Fermi levels move farther into the
bands. The potential height at the well/barrier interface, essentially
determined by the Indium concentration as in the InGaAs/GaAs system,
controls the extent of this spill-over of the carriers. In addition, the
concentration of Al influences the degree to which carriers are present in the
cladding (AlxGai.xAs). This in turn influences the current injection
efficiency®6 which is the ratio of the current into the active layer to the total
current. Spill-over is important in the case of QW lasers than in conventional
DH lasers because there are additional layers, other than the active layer, with
a direct band gap where carrier recombination can take place.

Knowledge of the potential steps and the positions of the quasi-Fermi
levels helps determine the carrier leakage out of the quantum well into the
guiding region3’. However, due to the difference between the conduction and
valence bands in terms of the effective mass, the spill-over of electrons and
holes tends to be different. An internal electro-static field is thus established
and forces a reduction in the difference in the carrier distributions in the two
bands. This injection induced confinement effect has been considered in a

simplified approach>8 based on the assumption of flat quasi-Fermi levels and
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charge neutrality in the quantum well and barrier regions with step-like band
profiles. By assuming that the space charge distribution induced by the
injection is an interface dipole sheet, the built-in potential at the hetero-
junction between the well and the barrier is forced to change to offset the
virtual charge built up. Equivalently, to fulfill the charge neutrality condition
the band offset is used as an adjustable parameter. Furthermore, Cai et al.58
found that this type of carrier confinement is effective within a certain range
of carrier sheet densities (7.0 x 1012 cm-2 - 8.0 x 1013 cm-2 for the total injected
carrier sheet density). Below the lower value the spill-over becomes
insignificant, and above the upper limit the spill-over is so large that the
device operates like a double-heterostructure laser. The value for the band
offset was found to be critically influencing the extent of charge neutrality
between the two limits for the carrier density. For a particular choice of the
band offset, estimating the gain spectra, with the barrier recombination also
included, clearly showed substantial bandfilling of higher energy subbands in
the quantum well and domination by the barrier recombination at fairly high
injections. The band offset that best satisfied the imposed charge neutrality
constraint was 0.49 . Fig. 2.1 shows the calculated gain spectra for an
Ing.2GaggAs/GaAs SCH-SQW laser at 300 °K for T.E. (transverse electric)
mode, with the constraint of less than 5% deviation from charge neutrality
imposed locally in the quantum well, over a 200 nm wavelength range at
different injection levels. The barrier gain was normalized to QW gain using
the ratio of the gain confinement factors in the two regions.

Shieh et al.35 found that associated with the increase in threshold

current was a dramatic increase in the lasing photon energy from about 1.30
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eV to 1.39 eV when the stripe width was reduced from 50 um to 15 um, a shift
of about 90 meV, as a result of substantial bandfilling due to the high gain
required to overcome the optical losses in the cavity. Beernink et al.36 have
also reported the influence of higher refraction losses associated with the
strong carrier induced antiguiding resulting in certain devices lasing on
higher transitions in the quantum well, and in the GaAs barriers. The quasi-
Fermi levels are determined by both the charge neutrality condition and the
condition that the net modal gain is equal to the sum of the losses. Hence
with sufficient losses, either with a short cavity or a narrow stripe, the
increased losses, mirror or lateral, respectively, would prevent the onset of
lasing on the quantized levels in the InGaAs, but rather establish lasing in the

GaAs barriers.

2.3 Wavelength switching in strained layer lasers

We have seen how the gain in the higher energy states rapidly
increases with increasing injection level due to the excessive carrier spill-over
from the quantum well to the barrier. With carrier spill-over into the barrier
regions becoming an important consideration at high injections shifting of
lasing wavelengths to shorter values may occur. Critical thickness constraints
on the strained layer30 need to be balanced with the optimum depth and
thickness of the quantum well required for a particular wavelength
characteristic when designing the strained-layer devices with wavelength
shifting capabilities in mind. This aspect coupled with the well known

saturation of linear gain in quantum wells! leading to rapid band filling and
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population of higher levels with increased losses provides an incentive to
investigate such devices for their potential in wavelength switching
applications.

Fig. 2.2 provides a simple pictorial representation for the
recombination regions depending on the injection level. As mentioned
earlier, the location of the quasi-Fermi levels are basically determined by the
losses in the cavity. In the case of low injection, where the losses are small,
inversion of the band populations occurs when the n=1 level is reached. The
device then lases at the wavelength corresponding to the el-hhl transition
(el refers to the first electron level in the conduction band; hh1l refers to the
first heavy hole level in the valence band). Operating the device in this
injection regime before gain saturation comes into play is important to fully
exploit the advantages of a strained quantum well laser. With increased
losses, the condition that the net modal gain be equal to the sum of the losses
forces the quasi-Fermi levels to be pushed higher eventually making the
device operate either on the higher energy subband in the quantum well (n=2
: €2-hh2) or on the higher band of the surrounding barrier layers (GaAs). This
is illustrated in the intermediate or high injection case.

Wavelength switching of laser emission has been reported under
conditions of high optical loss for unstrained quantum well lasers
(GaAs/AlGaAs)39-6], for a narrow oxide stripe strained-layer single quantum
well device (InGaAs/GaAs)$2 and, recently, for buried heterostructure
multiple quantum well lasers (InGaAs/GaAs)%3. Particular attention is
needed to the behavior at extremely high injection levels where carrier spill-

over into the barrier region becomes significant. This can lead to a substantial
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wavelength shift from the QW value to the distinctly shorter value of barrier
recombination, a phenomenon particularly useful for wavelength switching
applications.

Oscillations of GaAs QW laser diodes whose wavelengths are
considerably shorter than the n = 1 quantized state transitions have been
explained in terms of gain contributions from the higher (n = 2) energy
subbands®4. In line with our previous discussions, Gébel et.al.65 suggested that
the way to achieve laser action involving the n = 2 and higher subbands is to
increase cavity losses sufficiently. In a typical Fabry Perot laser with symmetric

facets the losses are related to the threshold mode gain as follows :

1
Gih=T gh=0i + L In(R)

The three parameters that could be used to control the loss are the cavity
length L, the mirror reflectivity R, and the internal loss &. In addition, the
local gain, gth, depends on the degree to which the carriers are confined in the
well region and the gain confinement factor, I, is therefore an important
additional consideration in a single quantum well device when compared to
a multiple quantum well system®3. The internal loss a; also includes the large
lateral losses observed in strained layer gain-guided systems48. As pointed out
before, there is a dramatic increase in the threshold as the stripe width is
made smaller due to this lateral loss. The choice of stripe widths, therefore,
also influences the overall cavity loss. Thus it is possible, by appropriate

combination of cavity length and stripe width, to control cavity loss (mirror
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and lateral loss, respectively) given that the mirror reflectivities are not
changed (left uncoated in our investigation). Utilizing this idea we have
studied a number of devices in a systematic manner and observed transitions
to shorter wavelengths including recombination from the GaAs barrier
region depending on the cavity specifications. The results will be presented in

the next chapter.




Chapter 3

TIME-INTEGRATED OPERATING CHARACTERISTICS
AND WAVELENGTH SWITCHING

3.1 Introduction

The electrical, optical, and spectral characteristics may be used to understand
the performance of the strained layer single quantum well lasers operated
under fairly high injections. In this chapter particular emphasis has been on
understanding the behavior in a quasi-static condition where the devices,
though operated in pulsed mode, are measured in “averaged” or “time-
integrated” sense. After a detailed account of the characterization followed by
the demonstration of wavelength switching, the final section will discuss the
spectral content, in a “time-integrated” sense, as a function of the drive
current with possible mechanisms elucidated for the observed shift in lasing

wavelength.

3.2 Device structure and fabrication

The strained InGaAs/GaAs separate confinement single quantum well
laser structure investigated is shown in Fig. 3.1. It was grown using a Perkin-

Elmer 425B Molecular Beam Epitaxy system®6. The growth process and
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GaAs 200 nm ; (Be:5x 1019
Al,,Ga,zAs 1.3um; (Be:5x10" )
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Ing,GaggAs 7.5 nm ; (undoped)

Figure 3.1. Schematic representation of the epilayer structure grown by
Molecular Beam Epitaxy (MBE) technique
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relevant parameters for a similar strained layer structure but with a graded
AlGaAs barrier layer are given in Ref 66. The active layer was 7.5 nm thick
Ing2Gag.gAs with a 125 nm GaAs confinement layer on either side, all
undoped. These layers were further sandwiched between p- and n- type 1.3
um thick Alp2Gag gAs cladding layers doped with Be (5 x 1017 em-3) and Si (1
x 1018 cm-3), respectively. The p* GaAs contact layer of 200 nm thickness was
doped with Be to about 5 x 101% c¢m-3 for good ohmic contact. The
concentration profiles of the grown layers were analyzed using Auger
Spectroscopy and found to be consistent with the specifications. Since the
preparation of the samples was not done in dust free environments
particulate related defects were seen to be present. The pin hole like features
could not be removed by use of simple cleaning procedures using solvents.
The as grown wafers were then processed into devices with different
cavity lengths and stripe widths using standard photo-lithography, wet
chemical etching, metallization techniques and facet cleaving. The complete
procedure is presented in Appendix A. Shallow mesa-stripe Schottky barrier
confined laser technology®? was felt to be a convenient and simple way to
provide lateral confinement resulting in gain-guiding. The compromise on
the choice of ease of fabrication does reflect in higher threshold currents,
however. Laser cavities in the range of 200-1000 um were fabricated by

cleaving with no coating or passivation applied to the mirrors.




3.3 Optoelectronic characterization vs. cavity loss

The cleaved devices were characterized by pulsed light-current
measurements using the set up shown in Fig 3.2. As shown in the schematic,
the laser chip was pressure mounted in a clamp header which was supplied
by Siemens. The center pin that provided the path for current was also used
to hold the device in place. All devices were mounted p-side up with the facet
barely protruding from the edge of the mount without any special
heatsinking or good thermal contact with the mount. Care was taken to avoid
damaging the stripe by placing the tip of the center pin well away from the
stripe area. The temperature of the mount was stabilized using an active
circuit with a thermoelectric cooler (MELCOR CP1.0 - 63 - 06L) and a
thermistor element (OMEGA F3105) placed close to the laser chip to monitor
the temperature of the laser mount to complete the feedback loop. The
thermoelectric cooler was carefully placed between the smoothed surfaces of
the laser mount holder and water cooling jacket. The water cooling jacket
helped in maintaining the “hot” (“cold”) junction at the temperature of water
(= 15 °C) for “cooling” (“heating”) periods. The flow rate of the water through
the jacket was adjusted so as to minimize turbulence and associated vibration
to the laser mount. The temperature dependent voltage generated across the
thermistor (RTD) was used to compare with a preset voltage to generate a
control voltage for driving the circuit for the thermoelectric cooler.
Depending on the sensed voltage (temperature) at the RTD element, heat was
either provided to or drawn from the laser mount to maintain the

temperature at the set value. The complete circuit to control the drive voltage
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Figure 3.2 Schematic representation of the measurement set up for average

power output of laser using Tektronix digital photometer.
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for the thermoelectric cooler with the relevant adjustable parameters is
provided in Appendix B.

The devices were operated under pulsed operation with pulse widths
of 100 ns and 10 kHz repetition rate giving a duty cycle of 0.1% to avoid
heating during operation. The drive current was provided by HP214B analog
current source (rise and fall times of = 10 ns) for most experiments and by
HP8112A digital current source (rise and fall times of 4.5 ns) when low drive
currents (< 280 mA) were required. The current pulse was monitored using a
Model 711 miniature wideband current probe (American Laser systems Inc.,
CA) and terminated in a 50Q input impedance at the oscilloscope to provide a
1 mV/mA sensitivity. The light emission from the laser chip was directly
coupled to the detector (Tektronix J16/J502 digital photometer) for light-
current data. Care was taken to have the detector area to be larger than the
incident area for the light at the detector surface. The peak power was then
evaluated by scaling the average power with the duty cycle of the pulsed drive

current.

3.3.1 Light current characteristic

The light-current curve, a key characteristic for evaluating the
efficiency of the laser and also to determine it's operating point and threshold
current, is commonly used to provide the power output at the drive level of
interest that is applied to the laser. The slope efficiency of the diode can then
be derived from the light-current curve, and is most commonly expressed in

units of mW/maA.
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The peak light output power for several broad area devices (stripe
width of 50 pm) with varying cavity length are shown in Fig. 3.3 (cavity
length of 865 um), Fig. 3.4 (cavity length of 400 um), and Fig. 3.5 (cavity length
of 200 pm). The broad area devices can be assumed to have negligible lateral
losses. With increasing mirror losses, viz., smaller cavity length, the
threshold first reduces (from 300 mA to 240 mA) and subsequently increases
to 300 mA for the 200 pm device. Small kinks in the light-current
characteristic were seen to appear (Fig. 3.4 and Fig. 3.5). In a typical gain-
guided laser such kinks in the light-current characteristic are usually
associated with lateral mode shifts in the junction plane, the appearance of
higher order lateral modes, or a change from TE to TM polarization or
possibly a shift in lasing wavelength with increasing drive level.

In the broad area devices (50 pm) the continued rise in output power at
the longer wavelength was accompanied with the appearance of lateral
modes of increasing higher order (Fig. 3.6). As shown in Fig. 3.6a&b, at lower
currents the device lased in the fundamental and the first lateral order. When
lasing emission is detected from the n=2 level (I = 400 mA: Fig. 3.6¢) the
lateral mode order is already high (4th order) exhibiting an asymmetric
intensity profile. At I = 610 mA, higher order modes appeared at 959 nm in
addition to lasing from the n=2 level and the barrier (see also Fig. 3.5). The
asymmetry of the lateral mode pattern as evident in Fig. 3.6¢ is already
beginning to appear in Fig. 3.6b for the first order mode and is also evident for
the 4th order mode in Fig. 3.6d . The presence of the higher order modes, in
addition to switching in lasing wavelength, results in the observed kinks in

the light-current characteristic.
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Figure 3.3. The light-current characteristic for 50 pm x 865 pm sample (2A_13)

in pulsed operation; arrows indicate the observed transition: n=1 (986 nm)
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in pulsed operation; arrows indicate the observed transition: n=1 (990 nm)
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Figure 3.5. The light-current characteristic for 50 um x 200 um sample (2B_1)

in pulsed operation; arrows indicate observed transitions: n=1 (957 nm), n=2

(913 nm) and barrier (887 nm).
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Two samples with narrower stripe width (15 pm) and a cavity length of
400 um showed strikingly different behavior in terms of their light-current
characteristics, possibly due to different total cavity losses, as seen in Figs. 3.7
and 3.8 . With a smaller stripe width the lateral losses also become important
in addition to mirror losses. For the selected cavity length (400 pum) one
device showed a pronounced output power saturation and shifts in lasing
transitions (Fig. 3.7) while the other (Fig. 3.8) lased only from the barrier
transition after threshold but had a pronounced kink with the wavelength of
the lasing mode shifting slightly. Whereas such pronounced nonlinearities in
the light-current curves were observed for the narrow stripe (15 um) devices,
relatively smaller or no kinks were seen for the broad area device (50 um) in
spite of shifts in lasing towards higher energies with higher mirror loss.

A phenomenon that was widely observed with the narrow stripe
devices (15 um) was the saturation of the optical power for a range of currents
with longer cavity devices remaining in saturation for a larger range of
currents. Because of the step-like density of states in a quantum well, marked
saturation of the optical gain is possible at higher injected carrier densities.
With the reduced density of valence states in the strained-layer system the
linear gain saturation is further enhanced resulting in output power
saturation more easily. In addition, all devices exhibited considerably low
values for the slope efficiencies, which is a measure of the change in output
power to incremental change in the input drive current level. It is known
that “true” gain clamping beyond threshold does not occur since with
increase in laser power, other nonlinear mechanisms, such as spectral hole

burning, begin to influence the lasing characteristics. This leads to nonlinear
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gain compression and the resulting observed lower slope efficiencies and
pronounced output power saturation. The slope efficiency sometimes
improved when the device operating point crossed the kink/saturation
region since at the shorter wavelength (e.g. lasing from the barrier) the

nonlinearities do not yet influence the lasing characteristics.

3.3.2 Threshold current

Table 3.1 lists the basic parameters from optical and electrical
characteristics measured in detail for a number of device chips. For
comparison purposes we normalized threshold current to laser stripe area for
obtaining a threshold current density. It should be noted, however, that due
to lateral current spreading actual current densities are smaller, particularly
for the narrow stripes. Table 3.1a and Table 3.1b consist of results on devices
processed on two different pieces but from the same wafer and identified as
2A and 2B.

Considerable variation in the threshold current was observed among
the devices tested. It was therefore difficult to come to definite conclusions on
the trend due to the fact that the devices lased at substantially different
wavelengths. This behavior will be analyzed in more detail in Sec. 3.3.3 .

The threshold currents were found to be rather high, in general.
Contributions to the total current (measured) from unavoidable non-
radiative and leakage currents are known to possibly result in higher
injection current requirements. Such contributions have been explained in

the literature via a number of mechanisms46.49,57 . (1) bulk and interface




Table 3.1a: Characteristic parameters of measured laser samples (Wafer : 2A /1-17-12-90)

Sample Cavity Ith Jth = Slope efficiency | Wavelength
Dimension (mA) Ith/(W L) (mMW/mA) (nm)
WL (A/cm?)
(umxpm)

2A_11 50 x 930 580 1247 0.0753 988
7A_13 50 x 865 300 693 013 986
2A 1 50 x 575 320 1113 0.257 988
2A_6 50 x 355 400 2253 0.115 986
7A_ 34 15 % 600 245 2720 745 - 285 mA : 0.2 980
650 7330 910

770 8560 885

2A_8 15x575 135 1565 135-200 mA: 0.236 980
500 5797 910

625 7246 887

2A_26 15 x 400 150 2500 150-165mA: 0.128 975
400 6670 909

475 7920 490-520mA: 0.533 885

7A_24 15 x 400 315 5250 315-350mA: 0.125 884
7A_5 15 % 355 230 4319 | 230260 mA - 0.115 914
330 6197 330-350mA : 0.24 885

7A9 15 % 200 260 8667 0.05 885
2A_4 10 % 355 230 6478 0.107 885
7A_3 5 % 355 230 12057 0.259 884

A



Table 3.1b: Characteristic parameters of measured laser samples (Wafer: 2B/1-17-12-90)

Sample Cavity Ith Jth = olope efficiency | Wavelength
Dimension (mA) Ith/(W L) (mW/mA) (nm)
W L (umxpm)] (A/cm?) _

2B_4 50x800 240 600 0.25 990
2B_3 50x600 450 1500 0.11 992
2B_2 50x400 250 1250 0.188 990
2B_1 50x200 300 2500 300-350 mA : 0.155 957
400 4000 400-500 mA : 0.24 913

595 5950 600-625 mA : 0.4 887

2B_7 15x200 155 5166 150-160mA: >1 974
162 5400 911

189 6333 886

8¢
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recombination via defect states in the band gap; (2) Auger recombination
which include band to band processes, phonon assisted processes and trap
assisted processes; (3) carrier loss or spill-over into the adjoining layers, over
the top of the quantum well, including the cladding layers resulting in
possible recombination from the higher lying conduction band valleys. Since
the recombination in the first mechanism is mostly indirect, the carriers have
longer lifetimes and thus contributions to the total current would be small in
spite of the larger density of states. However, with a potential step of only =
150 meV (at 300 °K and using a 60:40 band offset) for the T levels at the
cladding/guide interface (with only 20% Al concentration in the AlGaAs layer
: see Fig. 3.1), direct recombination from the cladding cannot be ruled out and
hence can become a dominant contribution with increasing leakage of carriers
from the active layer to the surrounding barrier/cladding regions. The lower
potential step could also result in large leakage as a result of a combination of
the relatively large spill-over volume for the cladding layers and the carrier
sinks located at the ohmic contacts to the claddings68. The third mechanism
involving the occupancy of higher energy levels is thus more probable as the
quasi-Fermi levels are pushed higher with increasing drive level.
Considering the general expression for the threshold current density,
Jth (A/cm?2), in the low current range where the gain can still be related to the
current density with a linear relationship, { g = B (Jn - J1) where B is the
nominal gain coefficient (cm2/A), J1 is the transparency current density and
the nominal current density is given as Jn = {J ni / d), ni the internal quantum
efficiency and d is the active layer thickness, d = L, for quantum well }, we

haveb?




Jo d 1 1.1
Jth = E + F{(E{; )[E In R+ ]} (3.1)

where J, is the radiative current density (A/cm?2) for transparency, L is the
cavity length, R the facet reflectivity and a; the internal optical loss (cm-1)
including the lateral loss. It is evident that apart from the internal efficiency,
ni, which is a measure of the fraction of the injected carriers that is useful for
generating photons through radiative recombination, the internal loss, «;,
which includes the lateral loss, and the mirror loss, determined by the cavity
length and facet reflectivity, are the other components that determine the
threshold of a laser. The nonradiative mechanisms (first two mechanisms :
recombination at defects and Auger), when present, can be expected to
deteriorate the internal quantum efficiency in the lasing mode thus
increasing threshold. Higher optical losses (mirror or lateral) translates to
higher thresholds thus leading to pronounced bandfilling, including carrier
spill-over (third mechanism : carrier leakage), for increasing carrier injection
levels and consequently a shift in the laser transition energy from the lowest

energy bound state of the quantum well to higher subbands or even to the

energy levels in the barrier. It is thus possible to use a; and L to control the
optical losses in the cavity and hence Ji, given that the facets are uncoated. It
is important to note that with the shifts in lasing wavelength, J,, a;, nj, and B
are strictly not constant with current. B actually changes abruptly when
wavelength switches from the n=1 to the n=2 and to the barrier. Optical mode
size, d/I", however, should not change much.

In Table 3.1, in addition to the initial or "ordinary” lasing threshold,
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"higher-order” thresholds where the switching to shorter wavelength occurs,
as well as the respective lasing wavelengths are listed. Note that these
"higher-order" thresholds are only indicative of the onset of the particular
transition in question when observed on the CCD camera (for description of
set up see p. 53) and do not constitute a "true” threshold as is implied for the

initial threshold.

3.3.3 Internal loss and quantum efficiency

With substantially high thresholds and low slope efficiencies observed
for the devices (see Table 3.1), it is important to estimate the internal optical
loss, aj, and the stimulated internal quantum efficiency, njst , which is the
fraction of injected carriers converted into photons. The internal loss can be

related to the external differential quantum efficiency, ne, as®

Om
=MistT— < (3.2)
MNe = Mi,st (O + 041)
where o, is the mirror facet loss per unit length given by
1 1
Om =57 In (ﬁ'z-) (3.3)

where R1 and R; are the facet reflectivities at the two ends and L is the length
of the laser. The values of nj st and @; can be evaluated from the relationship

between the measured slope of the light current characteristic and the mirror
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loss for various cavity lengths. The external quantum efficiency, ne, is directly

proportional to the slope dPqy¢/dI of the light-current characteristic™4,

dP, :
L (3.4)

where hv is the photon energy and the factor (1/2) accounts for the power
emitted by only the front facet with equal facet reflectivities, R1 = Ry. [ Note :
in Reference 54, equation 2.6.12, pp. 57, should not contain njst . The correct
equation is obtained by noting that equation 2.6.8, pp. 56, from which
equation 2.6.12 is derived, has to include njst to account for the fraction of

carriers converted into photons]. Rewriting equation (3.2) we get,

Lo o), 1 (35)
Me Om ((T\i,st)) (Mi,st) '

where by plotting 1/, against 1/, gives n; st from the Y-axis intercept and
a; from the slope of a linear fit of the data. Fig. 3.9 shows such a plot for the
broad area (50 pm) devices (see Table 3.1a and 3.1b) where the straight line
shown is a linear fit. The scatter in the data is an indication of the
nonuniformity in the wafer from which these devices were fabricated. From
the Y-axis intercept, Mt is found to be 31% and from the slope, a; to be 8.9
cm-1 . The low value for internal stimulated efficiency confirms our earlier
speculation on excessive nonradiative recombination mechanisms and/or
carrier leakage out of the active layer for the observed higher threshold

currents for lasing.
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3.3.4 Wavelength shifts in the emission spectrum

Fig. 3.10 shows the measured dependence of the threshold current
density as a function of the cavity length for broad area devices (stripe width =
50 um). For most cavity lengths studied, lasing was found to occur at the n=1
transition, corresponding to the el-hhl transition, due to insignificant lateral
losses. At cavity lengths below 600 pm the expected short cavity effect of
increasing threshold current as a direct consequence of the gain saturation at
high injection for thin single quantum well structures!4.70 was observed.
However, at the shortest cavity length of 200 pm, we noticed that lasing
started at a somewhat shorter wavelength of about 958 nm (blue-shifted el -
hh133), and with increased drive level, the device also operated at higher
energy levels corresponding to the n=2 transition of 913 nm (e2 - hh2) and the
barrier transition of 885 nm. This is attributed to the increase in the mirror
loss which forces more carriers to be pumped into the second quantum level
and eventually to the barrier, due to poor confinement in the quantum well.
Fig. 3.11 plots the light-current curve for this device (Fig. 3.5 is repeated in Fig.
3.11a) and its wavelength of operation as a function of the drive current (Fig.
3.11b). In the present device, in addition to the onset of higher order lateral
modes at the longer wavelength of 958 nm (n=1) (see for example Fig. 3.6), the
shift of the lasing wavelength to higher energy levels with increasing drive
level resulting in the observed kinks in the light output characteristic (Fig.
3.11b). Wavelength separations were as wide as 70 nm (97 meV) for n=1 (= 980
nm) to n=2 (= 910 nm) and about 25 nm (38 meV) for n=2 to barrier (= 885

nm). Lasing wavelengths for various drive levels were observed by imaging
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Figure 3.10. Cavity length dependence of threshold current density for broad
area (50 pm) stripe devices. Note that for the shortest cavity length (200 pm)

additional transitions are indicated with vertical lines.
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Figure 3.11. (a) The light-current characteristic and (b) the shift in lasing wavelength with drive
current for 50 pm x 200 um (2B_1 in Table 3.1b) sample in pulsed operation; the observed

transitions are indicated : n=1 (953 nm ), n=2 (913 nm) and barrier (885 nm) and simultaneous

transitions are indicated by vertical lines.
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the light output into a SPEX (Model 1704) 1-m grating spectrometer and a CCD
camera (see section 3.4). The wavelengths of operation were identified by the
strong intensity mode at the wavelength range of interest corresponding to
the available transitions in the quantum well or the barrier. Note also that in
Fig 3.10b vertical lines are used to indicate “simultaneous” lasing in different
wavelengths at the same drive level. It is necessary to realize that such an
observation is in a “time-integrated” sense and a true picture can be obtained
by investigating the temporal behavior at these drive levels.

Devices with a 15 pum stripe width (Fig. 3.12) more consistently
exhibited a shift of the operating wavelength with increased drive level at any
cavity length tested. In the case of a longer device (575 um or 600 um), when
increasing drive level, switching was observed from 980 nm (el - hhl) to 910
nm (e2 - hh2) and eventually, to 887 nm (the barrier transition). At 400 pm
one device with a lower threshold began lasing at the n=1 level and shifted to
the shorter wavelengths while another lased exclusively from the barrier (see
Fig. 3.7). For a shorter device (355 pm) lasing occurred initially at 910 nm (e2-
hh2) and subsequently switched to 885 nm (the barrier transition) at higher
drive levels (also see Fig 3.13). Decreasing the cavity length, for the shortest
device tested (200 pm) results were mixed: one device, with a high threshold,
lased at the barrier wavelength only; another with a substantially lower
threshold (indicating a lower internal loss, a;), showed wavelength switching
like the longer devices.

Considering the stripe width dependence of threshold in Fig. ’3.13 for
one particular cavity length (355 pm) a shift from el - hhl to the barrier

transition is observed when the stripe width is reduced from 50 pm to 10 um.
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Figure 3.13. Stripe width dependence of threshold current density for devices

with cavity length of 355 um. Vertical line indicates one device with two

available transitions.
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At an intermediate 15 pm stripe width the additionally available e2 - hh2
transition appears, before the device switches finally to the shorter barrier
wavelength at higher drive currents. The corresponding light output and
lasing wavelengths as a function of the drive level for the 575 um and 355 pm
long lasers are indicated in Fig 3.14 and 3.15, respectively. The data clearly
demonstrate the realization of discrete switching between two lasing
wavelengths usually connected with severe non-linearities in the light-
current characteristic as shown in Fig 3.14a and Fig. 3.15a. Once again, the
vertical lines in Fig 3.14b and 3.15b indicate “simultaneous” lasing at two

different wavelengths at the same drive level.
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3.4 Spectral characteristics of wavelength switching devices

3.4.1 Experimental set up

Time-averaged spectra were measured, for lasers that exhibited
wavelength shifts as a function of drive current, using the experimental set-
up shown in Fig 3.16 . The temperature stabilized laser chip was pumped with
the digital (HP8112A ; low drive currents) or the analog (HP214B ; high drive
currents) pulse source. The near field was imaged on to the entrance slit of a
SPEX 1m grating spectrometer (Model 1704) using a 40X (N.A. of 0.85)
microscope objective. The exit port of the spectrometer had an adjustable
mirror which could be used to deflect the beam to one of the two available
ports. One port was used to image the spectrum on to a Tektronix C1002 video
camera with its front lens removed to directly access the CCD detector and it's
output signal was viewed on a standard 12 inch monitor. The other port was
fixed with a liquid nitrogen cooled Photomultiplier (Products for Research).
The temperature of the photomultiplier tube was maintained at -90 °C using
a feedback loop consisting of a temperature controller (Products for research)
and a control solenoid valve to regulate the flow of air into a 20 1 liquid
nitrogen dewar to force liquid nitrogen out of the dewar into the
photomultiplier housing during ON cycles of the solenoid.

The photomultiplier was maintained at an optimum operating voltage
of about -1100 V (Maximum 1500 V) applied at the cathode of the
photomultiplier with the positive terminal of the power supply (HP6516A)

grounded. The detected signal from the anode was fed into a gated integrator
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Figure 3.16 Computer controlled experimental set up for time-averaged

spectrally resolved near field measurements: TEC-thermoelectric cooler,

PMT-photomultiplier tube, RTD-thermistor, CCD-charge coupled device.
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(EG&G Model 165) which was mounted in the boxcar averager (EG&G Model

162). The trigger signal from the pulse source was fed to the boxcar for timing
control to properly position the gate for samplihg the input signal. The
current pulse monitored with a current probe close to the laser chip and the
gate pulse of the boxcar (using the gate output) were observed using the
HP54503A 4-channel 500 MHz digitizing oscilloscope. Adjusting the delay
between the trigger and the current pulse and proper positioning of the
sampling gate at the boxcar, using the “aperture delay” adjustment knobs,
were done to sample the signal pulse at the required position (in time). This
was necessary to compensate for internal delays in the current source between
the trigger and the pulse, the “line” delay of propagation through the
electrical cables, and the internal delay in triggering the gate of the boxcar. The
DC (direct current) signal output of the boxcar, which is proportional to the
input signal amplitude in the sampled region, is then connected to a digital
voltmeter (HP 3456A) to digitize the analog signal. For observation of the
input signal pulse fed into the boxcar, the analog signal output from the
boxcar can be sent to an analog scope (TEK 2815 50MHZ) along with the scan
signal provided by the boxcar and triggered externally from the current pulse
source. With a narrow gate (= 5ns) and a suitable scantime (= 0.01 or 0.1s), the
light pulse shape as detected by the photomultiplier, though limited by it’s
response time, can thus be obtained and is useful for preliminary adjustments
of the gate position and maximizing the detected signal.

A HP 9000 series 200 computer HP9836B (now updated to series 300)
was used to control and acquire data from the different instruments with the

IEEE488 or R5232 interfaces: (i) spectrometer through the Compudrive (CD2B)
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for controlling the grating position i.e.,, wavelength, (ii) injection current
level adjusted by changing the output of HP 8112A after comparing the
measured current with the required current value, (iii) signal output of the
boxcar digitized using the digital voltmeter (HP 3456A), (iv) digitizing
oscilloscope (HP 54503A) for current amplitude and if necessary, the gate
position, (v) data storage using a flexible disk drive (HP9122C) or hard drive
(HP9153C), (vi) plotting of acquired data using a plotter (HP 7475A) and (vii)
monitoring temperature of the laser mount using a multimeter (HP 3478A)
which is used to digitize the analog signal output (proportional to the voltage
produced at the RTD element) of the temperature controller (OMEGA Model

series 3N10 -P2 ; see also appendix B).
3.4.2 Devices

For purposes of investigating the spectral content as a function of the
drive current and to observe the switching of lasing wavelength, devices that
consistently showed such behavior were used. The devices reported in this
section were hence chosen to be 15 um stripe widths. The cavity lengths were
chosen to be 355 um (sample 2A_5 in Table 3.1a) and 575 pm (sample 2A_8 in
Table 3.1a) to observe the shift from the n=2 to the barrier and the n=1 to the
barrier, respectively. We had earlier presented the light current curves along
with the lasing wavelength shifts at different drive levels for these two

devices (Figs 3.14(a,b) & 3.15(a,b)), respectively.



57

3.4.3 Measurements

3.4.3.1. The 15 um x 355 um Device

Fig 3.17 shows the region of measurement of the 15 pm x 355 pm
device, indicated by the two vertical lines, in the light current characteristic.
The spectra were measured at various points below and beyond the first
threshold (230 mA) into the kink region till just beyond the second threshold
(325 mA). Spectra measured at three currents after the first threshold, i.e., 236
mA, 302 mA and 330 mA are shown in Figs. 3.18a, 3.19a and 3.20a . At the
lower current the device is seen to lase at around 911 nm corresponding to
the n=2 transition and switches to the barrier transition around 884 nm at the
higher drive level of 330 mA. The modal net gain, G (Gj internal mode gain,
aj internal loss, R facet reflectivity), was obtained from the depth of

modulation in the emission intensity using the relation?1

1/2.
GL = (Gj- oL) + In(R) = In (r 1) 3.1)

/241

where r = Pmax/Pmin; Pmax and Pmin being the intensities at each adjacent
peak and valley in the emission spectra, respectively. Note that this relation is
true for current levels below threshold of a laser when the device is not
lasing. However, beyond the “first” threshold (= 236 mA) the laser clearly
begins to have a steeper increase in light output indicative of onset of lasing.
But beyond 260 mA the device enters into a saturation region for the power
output and has a transition from n=2 (e2-hh2) to the barrier wavelength. In
this regime, the device could be considered to be in a super-radiance mode

with no “true” lasing thus enabling the use of the above relation to evaluate
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chosen for spectral measurements on 15 pm x 355 um device.
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the gain at current levels beyond 260 mA. The respective net gain curves
obtained using the above relation for the spectra of Figs. 3.18a, 3.19a, and 3.20a
is shown in Fig 3.18b, 3.19b and 3.20b. As a result of a residual background
signal in the boxcar (£ 2 mV r.m.s.) contributing to a baseline error, the
maximum net gain calculated does not reach zero at threshold (= 236 mA).
For the current level of 236 mA, where the laser lases only at the n=2 level, a
clear gain narrowing near 910 nm is seen. Note that this current is beyond the
first threshold and hence would be consistent with the onset of lasing.
However, with increasing drive level, the gain near 910 nm is reduced
coupled with gain broadening towards shorter wavelengths due to bandfilling
of higher energy levels. A noticeable gain peak is seen to appear near 8384 nm
wavelength. At 330 mA, the gain increases to its maximum near 884 nm
wavelength with a spectral “hole” burnt in the gain profile at the longer
wavelength near 908 nm, possibly due to onset of nonlinear gain saturation
there. The spectral hole burning and the associated bandfilling leading to a
broadening of the gain profile towards shorter wavelengths (higher energies)
facilitates the onset of lasing at the shorter wavelength of the barrier (885 nm).

A plot of the netgain-length product at different drive levels for the
two transitions, i.e., 911 nm and 884 nm, is shown in Fig 3.21 . The gain at the
longer wavelength does rise rapidly then saturates around threshold (236
mA) but is soon suppressed beyond and settles to a relatively constant value
beyond 270 mA. The reason for the observed abrupt changes in the value for
the peak gain for currents even below threshold is not clear but could possibly
indicate to the existence of gain nonlinearities, enabling increased bandfilling

towards higher energy levels, and spectral hole burning effects at higher drive
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current levels. However, at the shorter wavelength transition, the gain
increases linearly from about 290 mA to the second threshold of about 325
mA. A comparison of the slopes at the two wavelengths was not possible due

to the substantial gain compression effects near 911 nm.

3.3.4.2. The 15 um x 575 um Device

The longer cavity length of 575 pm was selected to provide for a
reduced mirror loss, thus making available the longer wavelength n=1
transition in addition to the n=2 and the barrier transition (see Fig. 3.15b). The
severe kinks observed in the light-current curve (Fig. 3.15a) coincides with
the appearance, but not yet lasing (at = 400 mA), of the n=2 transition, and
also eventually the appearance of modes corresponding to the barrier
transition (at = 450 mA). The device began to lase at the n=2 transition beyond
500 mA and at the barrier around 600 mA. A clear identification of the
“thresholds” for the higher energy transitions is certainly not possible.

The time-averaged spectral measurements showed some interesting
behavior. At around 285 mA the device was well into the saturation in power
output and began to lase around 967 nm shifting from the initial operating
wavelength of around 975 nm. Fig 3.22 is a plot of the spectral content at 285
mA. At 400 mA, the device switches to the n=2 transition (910 nm) with a
large number of longitudinal modes present, as shown in Fig 3.23, but not yet
lasing. At a slightly higher current level of around 453 mA, Fig 3.24, the
device begins to show the barrier transition around 886 nm with the n=2 still
present.

However, beyond 500 mA, the device began to exhibit broad spectral
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bands instead of well defined longitudinal modes. Figs. 3.25, and 3.26 at the

current levels of 500 mA and 550 mA clearly show the degradation of the
spectrum from that of Fig 3.23 with modes beginning to disappéar and leading
to a certain “oscillatory” tendency. When observing the spectrally resolved
near fields on the monitor using the CCD camera it was found that the modes
at the shorter wavelength of the barrier regions tend to go into "self-
oscillation” previously observed in stripe-geometry DH lasers’2 giving rise to
a broad spectrum due to the frequency shifting during the pulses (chirping)
i.e.,, the wavelength of any mode changes with time. Brouwer et al.72
explained it by a nonuniform gain profile along the lateral dimension leading
to the lateral instability. The "self-oscillation" observed is also consistent with
the fact that a thicker active region (i.e. including the barrier) forms the
waveguide in the transverse vertical dimension at the high injection levels
and could thus influence the lateral gain profile due to the difference in the

carrier density and the dielectric constant of the layers.
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Chapter 4

TEMPORAL STUDIES OF WAVELENGTH SWITCHING

4.1 Introduction

The potential for use of strained-layer QW lasers for wavelength switching,
arising from increased bandfilling of higher energy levels due to larger cavity
losses was described in the previous chapters. Our investigations had shown
explicit dependence on cavity dimensions for appropriate switching of lasing
wavelengths with injection level. As discussed in Chapter 3, the systematic
investigations of the spectral characteristics of such devices showed
“simultaneous” (time-integrated sense) operation of two or more
wavelengths (corresponding to n=1, n=2 or the barrier). In this chapter we
present experimental investigations, of devices that exhibit such large shifts
in lasing wavelengths, (i) into the time dependent spectral behavior, based on
pulse gating techniques, as well as (ii) into the intrinsic frequency of
relaxation oscillations based on sub-nanosecond resolved light pulse

measurements.
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4.2 Experiment
4.2.1 Devices

Two sets of experiments were performed to investigate the switching
behavior on devices that exhibited change in lasing wavelength with
increasing injection level. A 15 pm x 200 um device was used for the spectral
investigations and a 15 pm x 600 pm device was chosen for observation of the
light pulse using a high speed signal analyzer and transient digitizer since the
former (200 um) device had a nonlinearity in the light-current characteristic
due to a saturable absorber like behavior. The choice of 15 um stripe widths
was based on the cavity dependence studies which showed that devices in this
class consistently exhibited injection level dependent operation, sometimes
"simultaneously” (in a time integrated sense), in all three wavelengths of
interest, viz., 980 nm, 910 nm and 885 nm corresponding to the n=1 (el-hhl),

n=2 (e2-hh2) and the barrier (GaAs) transitions.

4.2.2 Set up for spectral studies

As in the previous experiments discussed in Chapter 3, the 15 um x 200
um device was operated in pulsed mode with 10 kHz repetition rate and a 100
ns pulse width to avoid heating. The device mount was also actively cooled
and maintained at a temperature of 20 °C. The spectrally resolved near fields
as a function of the drive current were recorded using the set up described in

section 3.4.2 . The gating scheme used will be described in section 4.3.2 .
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4.2.3 Set up for dynamic studies

The 15 um x 600 um device was operated in pulsed mode with 10 kHz
repetition rate and 30 ns pulse widths. The reduced pulse width was used
since all switching behavior happened within the 30 ns and also reduced any
heating effects or current pulse amplitude jitter that could corrupt the light
pulse measurements. The experimental arrangement is as shown in Fig. 4.1.
The laser output was coupled into a 100 um multimode fiber using a 16X
microscope objective. The other fiber end was connected to a 20 GHz
(Tektronix SD-46) optical to electrical converter. The converter has an InGaAs
photodetector with a relative responsivity of 1.0 at 1.3 uym and a maximum
around 1.55 pum of 1.1 . The responsivity falls gradually towards 1.2um and
when extrapolated to 0.8um is around 0.2. We did not correct the measured
output for the difference in the responsivity at the different wavelengths of
interest (0.98 pm and 0.88 um). The electrical output of the SD-46 was fed into
a fast (26 GHz) electrical sampling head (Tektronix SD-26). Both sampling
heads were mounted in the Tektronix CSA 803 communication signal
analyzer which was triggered from the current source. The current pulse was
obtained with the current probe fixed close to the laser diode. The waveforms
were displayed in an averaged mode to remove noise or random output. The
signal analyzer displays a single trace by sampling over many pulses. The CSA
803 bases the sampling process on a trigger event. When the trigger event is
detected the CSA 803 waits a specific period of time before sampling. After the
first point is digitized, the CSA 803 waits for another trigger event before

continuing to sample and digitizing the second point. The sampling interval
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Figure 4.1. Picosecond resolved light pulse measurement set up using DC-20

GHz optical to electrical and DC-26 GHz electrical sampling heads with TEK

CSA 803 Signal Analyzer.
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which is the time difference between successive points on the pulse, depends
on the settings for the displayed trace. With a display of 100 ns of time and if
the trace has 2048 data points, then the sampling interval is 100 ns divided by
2048, or 48.8 ps. Since each data point is obtained from a separate trigger event,
2048 pulses would be sampled successively to obtain the above trace of 100ns
of time. A 7 GHz Tektronix SCD 5000 transient waveform digitizer was
therefore used to capture single light pulse sweep for each trigger to help
investigate the switching. The output of the signal analyzer and the transient
digitzer were recorded at different injection levels using a HP 9000 series 300

computer over the HPIB for further analysis.

4.3 Results and discussion

4.3.1 Spectral studies

4.3.1.1 Device characteristics (15 um x 200 um)

Fig. 4.2a shows the light - current curve for the 200 pym long device
measured in the averaged mode using Tektronix digital photometer
(J16/J502A). The threshold was 145 mA and had an abrupt jump in light
intensity due to the presence of a saturable absorber in the cavity. This caused
self-sustained pulsations in the light output. Basov?3 first related this
behavior to such saturable absorber effects. Although the nature of the centers
for such absorption is not well known, some of the reasons that have been

put forth are deep level traps74.75, microdegradation distributed throughout
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the active region’6, mirror facet degradation’?, or proton induced
damage’8.79. Saturable absorption is induced by most of these mechanisms80
and more than one mechanism may be involved simultaneously. Stripe-
geometry gain guided devices patterned by proton bombardment often exhibit
such self-pulsations?2.78.81,82_ Though not very well understood, it is possible
that the defects, introduced by this technique and subsequent annealing, act as
centers of nonradiative recombination, resulting in an increase in the optical
absorption and a consequent decrease in the radiative efficiency.

The laser initially lased around 975 nm (n=1) and subsequently shifted
to shorter wavelengths (886 nm). A plot of the wavelength shift with injected
current is shown in Fig. 4.2b . Although not indicated in the plot, the device
was indeed found to lase at two or all three wavelengths “simultaneously” as
mentioned before for other devices. The light pulse as detected with a 200
MHz (Judson Si diode FFD-200) photodetector was observed using the set up
shown in Fig. 4.3 . The electrical output was viewed using the 500 MHz HP
digitizing oscilloscope and used to investigate if the laser lased at the different
portions of the pulse at different injection levels. Fig. 4.4(a,b) show the display
of the oscilloscope traces for the current and the light pulse at two drive
levels. The lower trace in both plots is the input current pulse and the upper
trace of the inverted pulse is the light pulse as detected with the
photodetector. The delay between the light pulse and the current pulse
includes the inherent delay in onset of lasing and the “line” delay of the
electrical cables. A 100 ns current pulse was used. The horizontal cursor bars
indicate the amplitude of the current and the vertical cursor bars indicate the

time duration of the light pulse. At the input current level of 166 mA, there is
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Figure 4.3. Set up using 200 MHz EG&G Judson photodetector to monitor

light pulse on digitizing oscilloscope and to measure pulsed light-current.
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a clear peak in the first 25 ns of the light pulse and remains flat for the rest of
it’s duration, possibly continuing to lase. When the drive level is increased to
188 mA, there is a second peak immediately after the first peak and a
relatively flat portion for the remainder of the pulse. It is also somewhat clear
that there is a switching in the pulse amplitude around the second peak
indicating that the device could possibly be operating in a different mode
from that of the first peak. Since the selected device also operated at different
wavelengths (Fig 4.2b), the spectrometer was used to resolve the different
wavelength regions at the peak intensity of the longitudinal mode in the
wavelength region of interest, i.e., n=1: 975 nm, n=2 : 906 nm, and barrier: 884
nm. Although ideally speaking it would be better to choose a current level
and show that the device lased at two different wavelengths at different
portions of the light pulse, the presence of electrical noise and the lack of
sufficient light signal prevented such a measurement. Nevertheless, to show
clearly that the device indeed lased at different portions, different current
levels were chosen for observing the light at the three wavelengths of
interest. To collect sufficient signal to overcome the noise floor in the
detected signal, the current level chosen was 188 mA for the longest
wavelength (Fig. 4.5a, cf Fig. 4.4b) : the 975 nm signal showed a clear peak in
the first 20 ns and dropped below the noise level afterwards. For the signal at
906 nm the current level of 167 mA was chosen (Fig. 4.5b) and for the signal at
884 nm a current level of 220 mA (Fig. 4.5¢c). In both cases there was no light
detected in the first 15 ns and signal was present after that. Since a mode in
the wavelength of interest was being detected, the light output at the longer

wavelength (n=1) for the current levels of 167 mA and 220 mA was not
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sufficient to cross the noise floor. The horizontal cursors in the first two cases
indicate clearly the noise floor in the detected signal and the light signal over
and above this noise floor. Note that in all these figures the vertical cursor
position was not changed with respect to Fig. 4.4 . It is evident that the device
initially lased at the longer wavelength (n=1) and subsequently switched to
the shorter wavelength (n=2 or barrier) depending on the injection level.
However this does not prove conclusively that the longer wavelength ceases

to exist beyond the first 15 ns of the light pulse.

4.3.1.2 Spectral characteristics (gated measurements)

In view of these results extensive spectral investigations were done at
various injection levels to understand in a systematic manner the
wavelength switching process. The objective of the spectral measurements
was two fold: to evaluate the spectral content at various injection levels and
to determine if indeed there was a time dependence in the spectral content.
Having observed the behavior of the light pulse with the photodetector, it
was decided to use 50 ns gates to have sufficient signal for the detection
system. The measurements were done with gates positioned so as to sample
the first or the second half of the 100 ns pulse.

Figs. 4.6a - 49a and 4.6b - 4.9b show the spectra measured at four
different current levels gated in the first half and the second half of the 100 ns
pulse, respectively. In each of the figures the current pulse with a shaded
region indicates the gated portion used for the spectral measurements. At 155

mA (Fig. 4.6), the n=1 transition is observed in the first 50 ns with
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Figure 4.6. Intensity spectra at I = 155 mA for 15 pm x 200 um sample. (a) 50 ns gate positioned in the first
50 ns of the 100 ns current pulse and (b) 50 ns gate positioned in the second 50 ns of the 100 ns pulse. o
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Figure 4.7. Intensity spectra at I = 165 mA for 15 pm x 200 pm sample. (a) 50 ns gate positioned in the first
50 ns of the 100 ns current pulse and (b) 50 ns gate positioned in the second 50 ns of the 100 ns pulse.
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Figure 4.8. Intensity spectra at I = 170 mA for 15 pm x 200 um sample. (a) 50 ns gate positioned in the first
50 ns of the 100 ns current pulse and (b) 50 ns gate positioned in the second 50 ns of the 100 ns pulse.
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spontaneous emission at the n=2 and a reduced n=1 during the second 50 ns.
At 165 mA (Fig. 4.7), the n=2 transition becomes dominant in both 50 ns
portions growing stronger in the second half where the n=1 almost
disappears. With just a 5 mA increase to 170 mA (Fig. 4.8a) the n=2 builds up
even stronger during the second 50 ns, but otherwise the situation essentially
remains the same as for 165 mA. When the injection level is increased to 190
mA (Fig. 4.9) the laser has switched to the barrier transition (887 nm) being
dominant both in the first and second 50 ns portions. However, the n=1
transition which had been diminished at 170 mA (Fig. 4.8) has reappeared
more strongly during the initial 50 ns but remains barely evident in the
second 50 ns.

A double pulse measurement was used to investigate further this time-
dependent spectral behavior. Two current levels were chosen: 167 mA and
185 mA, based on the fact that switching between the n=1 and n=2 levels and
the n=1 and the barrier were observed between the two halves of a 100 ns
pulse as shown in Fig 4.10 and Fig 4.11 . In the double pulse experiment the
separation between the two 50 ns pulses, with rise and fall times of = 4.5 ns,
was changed to 5 ns, 15 ns and 25 ns at each current level. Only the second
pulse was gated in each case. It is found that the shorter wavelength reduces
in intensity and the n=1 transition becomes stronger as the separation
increases to 25 ns in both current levels as shown in Fig 4.12 and 4.13 . From
the double pulse experiment we can conclude that the switching from the n=1
to the n=2 or the barrier starts earlier in the second pulse when the separation
between the two pulses is small. Comparing these results with the earlier

light pulse measurement we see that the laser indeed lased at the longer n=1
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Figure 4.11. Intensity spectra at I = 185 mA for 15 pum x 200 um sample. (a) 50 ns gate positioned in the
first 50 ns of a 100 ns pulse and (b) 50 ns gate positioned in the second 50 ns of the pulse. o
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Figure 4.12. Intensity spectra at I = 167 mA for 15 pum x 200 pm sample with 50 ns
gate positioned in the second 50 ns of a double pulse, with the separation
between the two 50 ns pulses being (a) 5ns, (b) 15 ns and (¢) 25 ns.
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Figure 4.13. Intensity spectra at I = 185 mA for 15 pm x 200 pm sample with 50 ns
gate positioned in the second 50 ns of a double pulse, with the separation
between the two 50 ns pulses being (a) 5ns, (b) 15 ns and (¢) 25 ns.
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transition during the first 15 ns of the 100 ns (<25 ns since the shorter
wavelength is still present) and then switches to the shorter wavelength (n=2
or barrier) beyond that time.

Earlier works on time-dependent switching of lasing wavelength from
the n=1 and n=2 level in the QW in strained-layer InGaAs/GaAs systems62
and from the n=2 to the n=1 level has been reported in GaAs-AlGaAs83. It was
observed that the order of switching in the strained system was opposite to
that of the unstrained system which was explained in terms of the stronger
antiguiding behavior35.36 in the strained system. The carrier induced
antiguiding was found to be stronger in the strained system than the thermal
waveguide that is a result of 'thermally induced index increase in the
unstrained system. This aspect coupled with an overall temperature rise
helps in going from a lower energy transition to a higher energy transition.
Note that the pulse widths used in thoset2.83 investigations were fairly long
(= 1.5 ps) and hence it is necessary to include the temperature effects during
the pulse to explain the lasing shift in the gain spectrum. The small pulse
width (100 ns) and a very low duty cycle (0.1%) employed for the present
investigations could preclude such heating effects to influence the switching
in our devices. We had earlier seen in Chapter 3 how substantial spectral hole
burning inhibited lasing at the longer wavelength and facilitated lasing at the
shorter wavelength (device 2A_5). In addition, the spill-over of carriers, with
increasing injection level, leads to lateral spatial hole burning (device 2A_8)
and contributes to gain nonlinearity by influencing the dielectric constant of
the medium. The strength of the antiguiding coupled with nonlinear gain

compression mechanisms could thus influence the switching
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of lasing wavelength.

4.3.2 Dynamic studies

The spectral investigation (time resolved) showed that the switching of
lasing wavelength is a function of time in addition to being a function of the
drive level. The bandfilling process is influenced not only by the total
number of carriers injected but also by the presence of nonlinearities. To
evaluate the extent of such nonlinearities present in the tested devices we
investigated the dynamic characteristics on a sub-nanosecond time scale and

understand better the observed switching behavior.

4.3.2.1 Device characteristics (15 um x 600 um)

Fig 4.14(a) shows the light - current characteristic of the 15 um x 600 pm
device measured in the averaged mode using Tektronix digital photometer.
The lasing wavelengths at different injection levels are shown in Fig 4.14(b)
Spectrally resolved near field spectra were observed on the TV monitor using
the CCD to confirm the presence of longitudinal modes corresponding to
wavelength regions of the n=1 (980 nm), n=2 (910 nm) and barrier (885 nm).
The device had a threshold of 245 mA (n=1 transition) and saturated in
output power fairly quickly and remained so until about 650mA when
pronounced kinks were observed coinciding with the appearance and
disappearance of n=2 transition as the current was increased. At around 770

mA the barrier transition appeared. At currents above 950 mA the n=2
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transition reappeared and the device also continued to lase in the barrier with

the n=1 transition still present.

4.3.2.2 Sub-nanosecond resolved light pulse

Fig 4.15 shows the light pulse recorded with the CSA 803 at the
injection levels shown. The laser began to lase with a sequence of pulses
separated by about 3 ns. If the current pulse width were to be increased, the
light pulse would consist of a train of pulse spikes. The last spike in that train
was found to be shifting with time and was also confirmed using the
transient digitizer and is probably due to small fluctuations in the current
pulse shape. As the current was increased a well defined relaxation damped
oscillation (RO) peak began to form with the amplitude of subsequent cycles
being successively damped to a larger extent. In addition to the shift of the
turn-on delay, the width of the light pulse was found to increase with
increase in drive level. This is a consequence of the relatively slow rise and
fall times (about <15 ns) of the current pulse (HP214B). It was realized that not
only did the current pulse change its width to account for the increase in the
width of the light pulse, but also in rise time to give an apparent larger shift
of the turn on point.

At higher drive levels (> 760 mA) a new set of seemingly random
spikes separated from the first relaxation peak by about 15 ns is observed. In
addition to shifting towards the first RO peak by about 8 ns with increased
current level, the set of spikes also spreads towards the tail of the pulse.

However at 966 mA the spikes disappeared with a small increase in the light
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Figure 4.15. Average light pulse traces at different current levels for 15 pm x
600 um device. Above 759 mA the onset of random lasing spikes is observed

clearly separated by about 10 ns or more from the first relaxation oscillation

peak.
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intensity only at the tail of the light pulse. Comparing with the light-current
characteristic (Fig. 4.14) it is possible that the spikes seen at current levels of
766 mA, 782 mA and 838 mA a could correspond to the onset of lasing from
the barrier. At around 660 mA the expected changes in the light pulse due to
the onset of n=2 transition was not observed. In evaluating the experimental
set up, it was noted that with a 15 um stripe and a 16X microscope objective,
the magnified nearfield at the fiber tip exceeds the 125 um core size by a factor
of two. With the modes at this wavelength (910 nm) being higher order
lateral modes, very little light could be coupled into the fiber and hence the
absence of clearly defined change in the light pulse shape. Note that these
waveforms were displayed after "averaging" by the signal analyzer which
masks any random fluctuations in the output from pulse to pulse. In order to
better understand the behavior on such a pulse to pulse basis, single-sweep
waveforms (over a 40 ns interval) were recorded using the transient digitizer
as shown for two current levels in Fig. 4.16 (782 mA) and Fig. 4.17 (838 mA)
Each of those waveforms, at both current levels, was recorded with a separate
trigger and is indicative of the behavior at the particular current level. A 30 ns
pulse width for the current was used for these measurements. Some features
appear more consistently from pulse to pulse than others. In all curves the
first strongly damped RO remains well defined temporarily with not much
change in intensity in each pulse as anticipated from Fig. 4.15 . However, the
second set of spikes about 10-12 ns later are highly random and showed no
phase conservation between pulses. In some traces they might not show up at
all. On the other hand, within a single trace they form groups of relatively

coherent RO’s often building up in intensity and then decaying, sometimes
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exhibiting obviously random phase changes. An exponential growth of RO
has been attributed to a negative damping rate when there is positive change
in net gain with optical intensity’8, leading to self pulsations which has been
observed in AlGaAs lasers. The oscillatory spikes appearing in the second half
of the light pulse are random in nature both with respect to intensity and
temporal distribution. The randomness in the spikes is attributed to the “self-
oscillation” that had been observed when the laser switches to the barrier
emission (see section 3.4.3) and had been explained in terms of the nonlinear
gain profiles in the lateral dimension’2. The difference in the carrier density
distribution and the dielectric constant results in random frequency shifting
(chirping) of the modes from pulse to pulse. This frequency shifting between
pulses is in a manner consonant with the random nature of the peaks
observed in the time domain measurements. At the lower current level of
782 mA, even though the averaged waveform recorded from the CSA 803 did
not show a second group of spikes towards the end of the pulse, the SCD 5000
single-sweep waveforms reveal that there indeed appears a second set of
oscillation spikes but with a very small probability of occurrence. It is
however important to point out that fluctuations in the current pulse shape,
if sensitive to such changes, could also lead to the observed random
fluctuations in the light waveform, though it did not seem to have affected
the first RO peak implying that such variations were not at the beginning of
the current pulse.

The spectral measurements (gated) showed that there indeed was a
time dependent switching of the lasing wavelength from the longer to the

shorter wavelength. The shorter wavelength (n=2 or barrier) appeared after
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the first 15 to 20 ns of the 100 ns light pulse. The n=1 was present in the
beginning 15 ns with varying intensities. Comparing the results of the
spectral investigations to the present sub-nanosecond resolved light pulse
measurements, though on different devices, we see a good correlation
between the appearance of a second set of spikes clearly separated from the
first RO and the onset of lasing at the shorter wavelength. It is of course
difficult to pinpoint exactly the shorter wavelength since it is a combination
of n=2 (if available) and the barrier transitions. Note also that the analysis is

complicated with the randomness (in time) of the light pulse spikes.

4.3.2.3 Relaxation oscillation frequency

The relaxation oscillations (RO) due to the intrinsic resonance in the
nonlinear laser system determines the theoretical maximum of the
modulation bandwidth. The carrier lifetime at threshold and the photon
lifetime83 essentially determine the oscillation frequency in addition to the
photon density beyond threshold. This frequency can be directly measured
from the reciprocal of the period of oscillations observed at the beginning of
the light pulse using the CSA 803. The Full Width at Half Maximum
(FWHM) of the first RO peak as a function of the drive level is shown in Fig
4.18. With the 20 GHz optical sampling head (SD-46) the minimum half
widths that can be measured is about 25 ps. The FWHM reduces from 360 ps
at around threshold (It = 245 mA) to around 122 ps at about 2], and remains
fairly constant beyond.

For a preliminary understanding of the behavior of the relaxation
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Figure 4.18. The Full Width Half Maximum (FWHM) of the first
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oscillation frequency with injected current, a small signal analysis model is
used to compare with the experimental results. A more accurate analysis
requires a complex large signal model. In the small signal analysis, the
frequency of oscillations, fr, can be relatedto the photon number, S, by the

following relation34 allowing for nonlinear gain:

4n2e, —rzvvz Teeds g (1 +3 ds) (4.1)
where T, vg, V, g, dg/dN, dg/dS are the mode confinement factor, group
velocity for the mode, active volume, local gain, local differential gain
coefficient with respect to injected carrier density, N, and local differential
gain with respect to photon number, S, in the cavity (nonlinear gain
contribution). In the above equation the terms containing the difference
between the decay rates of the carrier and the photon populations and the
change in the spontaneous emission rate with carrier density have been
neglected. The gain is allowed to vary with photon number to account for
nonlinear effects which can occur due to mechanisms like spectral and spatial
hole burning. The photon number is related to the output power, P, from one
facet of the laser with equal facet reflectivities, as

1
P= 5 hv om vg S (4.2)

where hv is the energy of the photons and am is the mirror loss, from which

we can see that
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Also, the photon number S can be written in terms of the current beyond
threshold as
I-Iih

S =it Tph g (4.4)

where nj,s¢ is the stimulated internal quantum efficiency and tph is the
photon lifetime. However, one has to be cautious in applying this equation
when power saturation effects are observed. Equation (4.4) would then lead to
the situation of a “variable” Ith , Mjst OF Tph to account for a constant S.
Equation (4.1), along with equations (4.3) and (4.4) can thus be rewritten

in terms of the current as, noting that tph'l =vglg,

1 (Tvy d
2= (a‘%» 31%—) Nist Im) (1 + €P) (4.5)

or using equation (4.2) and (4.4) in terms of power as

1 2 dg
e = r P)P 4.
2= (th Tpham) & (1+¢p) 46)

where, the nonlinear gain coefficient, €, is

d
e =T vg Tph 35 47)
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Thus, the presence of non-linear gain could substantially modify f,2.
Depending on the strength and sign of the gain nonlinearity and a possible
associated change in the value for dg/dN there could be an increase or
decrease in f;2 or, equivalently, a gain enhancement or gain suppression
effect. Fig 4.19 shows the dependence of f;2 on the output power above
threshold. The relaxation oscillation frequency as observed in the light pulse
for currents where the device operates only from the n=1 level is considered.
Up to power levels of about 10 mW there is a non-linear dependence as
shown. Note also that the output power saturates in the light-current
characteristic at this power (Fig. 4. 14a). Although the power increases more or
less linearly with current in this range, f;2 does not. The observed behavior
does imply that the gain varies with power, i.e., € # 0, and in fact has to be > 0
according to equation (4.6) . With further increase in current only a small
increase in power output is seen but there is a sudden drastic increase in f;2
(Fig. 4.19) indicating that the nonlinearity has suddenly increased even more.
At large enough drive levels (= twice threshold), the resonance frequency
begins to roll over indicating substantial gain compression with an apparent
change in sign for €. The output power, though, has increased only to about 13
mW. This saturation behavior of the resonance frequency has been
theoretically investigated by Arakawa et al.85 to estimate the nonlinear gain
that is enhanced in quantum well lasers due to the quantum confinement of
carriers. The probable cause as suggested by them is the reduction in
differential gain due to the gain compression.

Many aspects of the static and dynamic characteristics of semiconductor

lasers are influenced by the differential gain. It is an important parameter in
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determining the resonance frequency, equation. (4.5). Thus the expected
enhancement of the differential gain of strained-layer systems37.38 should
theoretically increase the modulation bandwidth. However, the population of
higher subbands was found to offset the expected enhancement in differential
gain in single QW lasers compared to Double-Heterostructure (DH) lasers86.
In analyzing the effect on modulation dynamics due to this state filling87, it
was found that this bandfilling resulted in a lower differential gain and
possibly a higher transparency current. It is well known that, in practice, the
gain is not clamped beyond threshold since with increase in laser power,
several other phenomena such as spatial (both laterally and longitudinally)
and spectral hole burning begin to influence the lasing characteristics. These
mechanisms result in contribution to the nonlinear gain in quantum well
lasers and have been shown, theoretically, to be significant in quantum well
lasers85 because of the quantum confinement of carriers. Furthermore, in
strained-layer systems operated at high injections, it has been theoretically
shown88 that the linear gain saturation due to the reduced density of valence
states is enhanced resulting in a lower value for the differential gain when
compared to the lattice matched case. The more pronounced saturation of the
linear gain in these strained structures accounts for the enhanced reduction of
the differential gain at increased injection and thus the reduced relaxation
oscillation frequency which limits the maximum bandwidth attainable8%.90,
From Fig. 4.19, considering the initial linear dependence of f;2 on P
(first three points and (0,0)) we get a slope of 0.26 GHz/mW?1/2 . For the 15 um
x 600 pm device, I' = 0.02, vg = 8 x 10? cm/s, active volume V = 6.75 x 10-11

cm3 , A =980 nm, am =20 cm-! . We had earlier determined that the internal
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loss, aj, for the broad area devices (50 um) with insignificant lateral losses to
be 8.9 cm -1 (section 3.3.3, page 41). Assuming a; to be essentially determined
by lateral loss thus allowing an inverse linear séaling with stripe width
(similar to the inverse dependence of the mirror loss with cavity length), we
get a; for the 15 um device to be 29.7 cm-1 . The total optical loss, ay, is 49.7
cm-1 giving a photon lifetime, Tph, of 2.5 ps. Thus, from equation (4.6),
neglecting the nonlinear coefficient (¢ = 0), we get for dg/dN a value of 0.46 x
10-16 cm? which is an order of magnitude smaller than typically reported
values?5 . This indicates that linear gain saturation is present when the device
is still operating from the n=1 level in the quantum well at high injections.
To understand the observed behavior of fr2, the local differential gain
with respect to carrier density, dg/dN, and with respect to power, dg/dP, need
to be estimated at the various power levels using equation (4.6) from the
measured resonance frequency. For convenience equation (4.6) can be written

relating £;2 to the output power as:

frz = Go P (4'8)
where,
1 2T gg_
= 1 .
Co = 42 (V hv 1ph am) d {1+€P) 49)

The parameter G, has units of (s2mW)-1 , where the power is in mW. As
mentioned earlier, we should see the expected enhancement or suppression

depending on the strength of the nonlinearity. Fig. 4.20 is a plot of this
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parameter with output power as determined from the measured resonance
frequency. Go starts to increase by a factor of 3 and further continues to
increase rapidly before power saturation begins just beyond 10 mW. This is
clearly indicative of gain enhancement rather than gain compression. This
confirms our contention that € is > 0, i.e., gain increases with power.
Mechanisms such as saturable absorption and lateral hole burning,
with a shift to a higher order lateral mode, that have been suggested”7.78.80
lead to this instability condition of € > 0. This has been observed in gain-
guided AlGaAs lasers” which exhibited self pulsing. A change in the lateral
waveguiding is the result of a change in the lateral refractive index
distribution due, in turn, to a change in the lateral carrier distribution with
increased power. This may eventually result in an increased modal gain with
increasing power. Additionally, it is possible to have emission in higher order
lateral modes. With good coupling to the injected carrier distribution the
fundamental mode reaches threshold first and it’s gain is then clamped at
threshold. At higher drive levels, the gain depletion near the center of the
stripe and a simultaneous enhancement near the stripe edges tries to
maintain the overall gain constant. At some higher drive level when the
higher order mode begins to couple effectively to the new gain distribution
the mode(s) would now begin to share the power with the fundamental.
Another possibility is when there is an axial inhomogeneity consisting of
amplifying and absorbing sections, where again an increase in gain with
power may result. Higher optical power results in reduced carrier density in
the amplifying regions and larger carrier density in the absorbing regions due

to generation of carriers by the photons. Thus, a simultaneous reduction in
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gain in the amplifying regions and a loss reduction in the absorbing regions,
with increased power, is possible. The net gain would then increase with
increasing power for the case of the loss reduction being largef than the gain
reduction.

With saturation of output power, Go reduces after reaching a
maximum. Although the reduction is qualitatively in agreement with the
theoretical analysis of Arakawa et al.85 which showed that there is a drastic
reduction in the differential gain with increasing intensities, G, maps a
combination of (1+eP) and dg/dN. But with ouptut power saturation, eP
would not change and hence the reduction could be attributed to a reduction
only in dg/dN. Their calculation also showed that the quasi-Fermi levels for
maximum differential gain vary with changes in the light intensity.

The observed tendency of the resonance frequency to attain a
maximum due to the gain compression has been suggested in some
phenomenological models of gain compression?1-93, although the predicted
saturation behavior has not been explained through any physical
mechanisms. Spectral hole burning mechanisms have been suggested as the
dominant source of such gain suppression?4-96 though recent theoretical
work has indicated that carrier heating effects are five times stronger than
spectral hole burning97. As a result of the gain compression effects, increased
lateral losses are observed in stripe-geometry strained layer lasers35, forcing
the quasi-Fermi levels to be pushed farther apart. Carrier spill-over effects
eventually become dominant. Sharfin ef al 0 have suggested the necessity of
considering the spill-over and transport of carriers between the QW and the

surrounding higher bandgap barrier and confinement layers. The lateral leaky
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losses would also influence the lateral spatial hole burning mechanisms
leading to higher nonlinear gain compression in such devices. The earlier
mentioned nonuniform lateral gain profile, in addition to increasing
nonlinearities, also influences the onset of "self-oscillation” observed in most
of these devices.

From Fig. 4.19 we see that the RO frequency saturates completely
beyond around 12 mW corresponding to a current level of I-Iih = 0.3 A, i.e,
around I = 600 mA. Comparing with the light-current characteristic curve
(Fig. 4.14) it is clear that just beyond this current, i.e., 660 mA, is the onset of
lasing at the n = 2 transition. Due to the poor coupling of light into the fiber,
as the device lases in a higher order lateral mode when lasing at n = 2, it is not
possible to show a direct correlation between the onset of random lasing
spikes in Fig. 4.15 and the roll off in the resonance frequency in Fig. 4.19 at
this current level. Note also that we are now able to reconfirm the earlier
results from our gain measurements obtained with device 2A_5 ( 15 um x 355
um : section 3.4.3.1 ; Fig. 3.20 ) that the onset of lasing at the shorter
wavelength is induced by the presence of gain compression due to spectral
hole burning at the longer wavelength which is also the very reason for the

observed saturation in the resonance frequency in the 15 ym x 600 pm device.

4.3.2.4 Damping

The observed nonlinear relationship between f;2 and P indicated the
existence of an instability condition of € > 0 due to lateral hole burning or

saturable absorption at power levels below 10 mW. This implies that the
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damping of the relaxation oscillations is being compensated by a “de-
damping” effect. This “de-damping” effect could eventually lead to an
exponential growth in the relaxation oscillations leéding to self pulsing. Fig
4.15 shows that at the lower current level (262 mA) the laser is indeed
exhibiting such a pulsing behavior before settling into the damped relaxation
oscillation at higher drive levels. The damping or the decay rate of the
relaxation oscillations, I'y, can be evaluated by fitting the intensity of the peaks
to an exponential function of the form exp(-I'r t). It was observed from the
light pulse measurements that the first peak was unusually strong in
intensity (Fig. 4.15) and the subsequent peaks were considerably smaller in
amplitude making the fit difficult. It was then decided to fit the first two peaks
and the subsequent peaks separately. The decay rate evaluated from the first
two peaks at each current level is indicated by dark circles and the decay rate
measured from the subsequent peaks is indicated by open circles in Fig. 4.21 .
It should be pointed out that the f;2 value at each current that was used in
Figs. 4.19 and 4.20 was determined from an average for the period of the peaks
subsequent to the first strong spike in the relaxation oscillations. Hence a
qualitative comparison can only be done between the behavior of f;2 with P in
Fig 4.19 and that of I'r with P as represented by open circles in Fig. 4.21. In
addition, while all points in Fig. 4.19 were obtained before the n=2 transition
appeared, current levels beyond this has also been used in Fig. 4.21 where the
power was evaluated from the average peak power in the light pulse.

Plotting the decay rate (dark circles) with output power shows that at
power levels below 10 mW there is a nonlinear power dependence. At

around 10 mW, where the output power saturates (see Fig. 4.14a), the
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damping increases drastically. The value for the power used in this plot is not
the intensity in the spike but the average peak power in the light pulse
immediately after the oscillations. From the light pulses shown in Fig. 4.15, it
is also clear that the intensity of the spike does not increase much for currents
beyond 662 mA. Hence there is only a small reduction of the “de-damping”
effect.

From the small signal analysis the damping rate can be related to the

power, neglecting the spontaneous emission term, as>4

1(1 _ d(1/te) Tv d
r,——(;+N N +—V&§§T—P-rvga%1>) (4.10)

where ¢ is the carrier lifetime. With increasing power, both dg/dN and dg/dP
(and d(1/71¢)/dN with increasing N) can vary, either enhanced or suppressed,
and influence the damping rate, I'r. When dg/dP > 0 (gain enhancement) at
lower power levels, this would reduce the overall damping rate (increase in
fr2). At higher power levels, when power saturation sets in, gain compression
(dg/dP < 0) effects are present. This increases I'r (would eventually result in
saturation of f;2). Such a behavior is clearly observed for the dark circles

For the subsequent set of peaks in the relaxation oscillations (open
circles in Fig. 4.21), a smaller power dependence at all power levels is seen.
The large initial drop in the amplitude of the peaks in the relaxation
oscillation reduces the influence of power on the “de-damping” effect. This
shows that the “de-damping” effect exists at all power levels. Thus T’y

continues to remain considerably small for all power levels. This implies that
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eP is almost independent of power for the “open circles”, but decreases

considerably with P for the “closed circles” in Fig. 4.21 . This, however, is
inconsistent with the observed P dependence for f;2, except when f;2 saturates

(Fig. 4.19) thus requiring a more complex strong signal analysis.




Chapter 5
DEVICE CHARACTERISTICS UNDER QUASI-DOUBLE-
HETEROSTRUCTURE OPERATION

5.1 Introduction

The presence of strain in strained-layer systems has been theoretically
shown to improve dynamic response and noise characteristics38. Extremely
high modulation bandwidths (up to 90 GHz)37 have been predicted based on
theoretical estimates of the differential gain. Apart from the enhanced gain, it
is also felt that despite a compensating increase in the carrier dependence of
the real part of the refractive index, a reduced linewidth enhancement factor,
o, could also result. Ghiti et al.38 report that a two thirds reduction in a can be
expected. Ohtoshi et al.?8 predict an o value as low as 0.8 based largely on the
expected enhancement of the differential gain. Rideout et al.2> have
measured MOVCD grown InGaAs-GaAs-AlGaAs strained-layer QW buried
heterostructure lasers with a 4.8 nm InGaAs quantum well and a lasing
wavelength near 1.07 um . They show that the values for dg/dN and dn/dN
are significantly enhanced for the strained versions and report an a value of
approximately 2 at a carrier density of 5x 1018 cm™3 and with minimum of
1.7. These improvements are a consequence of the modification of the band

structure due to strain and quantum effects.
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However, a factor which is sometimes overlooked for QW lasers is
linear gain saturation, which causes the differential gain to decrease at high
injected carrier densities. In addition, the increase in the carrier induced
change in the real part of the refractive index could result in a higher a than
the theoretical estimates of Ohtoshi et al. 98. To overcome the reduction in
the differential gain due to linear gain saturation when operating from the
first energy level in the QW, it is possible to increase the loss by a suitable
amount to operate the laser at the second energy level of the QW and achieve
an enhancement in the differential gain. Experimental?® work in lattice
matched GaAs/AlGaAs SQW lasers has shown that there is a 55% increase in
resonance frequency due to the decrease in the photon lifetime along with a
higher differential gain as a consequence of increased loss shifting operation
to the second quantized state.

As seen in Chapter 4, in addition to linear gain saturation which is
further enhanced when operating at high injections, the lasers also exhibited
gain dependence on output power when operating from the n=1 level in the
quantum well. This leads to a nonlinear behavior of the relaxation oscillation
frequency with power. The presence of the nonlinear gain mechanisms forces
the device to shift to shorter lasing wavelengths with higher losses which
could prove helpful in terms of increasing modulation bandwidth.
Theoreticall90 work on lattice matched Ing 53Gag.47As/InP SQW laser showed
that there is a reduced nonlinear gain contribution when lasing from the
second quantized state accompanied with a higher differential gain as
compared to lasing from the first quantized state. With reasonably high

losses, substantial carrier leakage out of the active layer into the surrounding
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barrier regions results in switching of lasing emission from the quantum well
to the barrier. Of particular interest is then the behavior of such a strained-
layer QW laser, due to linear gain effects, at these extremely high injection
levels with lasing exclusively from the barrier. The losses in the cavity can be
suitably increased by choosing a short cavity (say, 200um : high mirror loss)
and a narrow stripe width (say, 5um : large lateral loss). The separate
confinement QW structure would then operate in a quasi-double-
heterostructure (quasi-DH) mode with a possible positive influence
superimposed due to the strain in the InGaAs QW region. Thus, the question
arises if the increase of the Fermi energy levels in such a high injection
condition could still provide a reduced a. This chapter reports the
experimentally determined spectral variation of the differential gain,
differential index and hence the dispersion of a for narrow-stripe
InGaAs/GaAs separate-confinement heterostructure single-quantum-well
(SQW) gain-guided lasers operated under high loss conditions at the barrier

wavelength in a quasi-DH mode.

5.2 Device Structure and Threshold Characteristics

The schematic representation of the epitaxial layers in the strained-
layer SQW laser structure is as shown before (see Fig. 3.1). The layers were
grown by Molecular Beam Epitaxy (MBE) and processed as described
elsewhere®>. The stripe width selected was 5 um and the cavity length about
200 um ensuring high lateral and longitudinal optical losses necessary for

quasi-DH operation3348, The laser operated in a multilongitudinal mode and
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in a single transverse mode with a longitudinal mode spacing of 4.15 A. The
substantial number of longitudinal modes observed above threshold is
contrary to gain-guided unstrained GaAs/AlGaAé QW lasers which often
tend to oscillate in a single longitudinal mode for smaller stripe widths. This
has been attributed to the increased lateral loss due to the stronger
antiguiding in the strained QW laser3>.

The threshold was fairly high ( = 77 mA, see Fig 5.1.) as a result of the
large optical losses and the laser operated at 877 nm ( 12.6 °C ), close to GaAs
emission. The combination of a narrow stripe width and a relatively short
cavity length obviously provides large enough losses in this case to require
sufficient quasi-Fermi level separation for carrier spill-over and lasing at the
barrier wavelength. This contention is supported by the fact that the observed
threshold current, despite of its high value, is still substantially lower than
that reported for an equivalent device with a longer cavity, viz. 155 mA for
400 pm cavity length35, thus exhibiting the normal cavity-length dependence
of threshold as expected for a standard DH laser. Additionally, we tested some
broad-stripe lasers (50 um wide) with the shorter length of 200 pm fabricated
from the same epitaxial wafer: in one particular case, when raising current,
we observed below threshold gain initially at 930 nm wavelength, but
subsequently, at currents close to a very high threshold of 230 mA, substantial
gain also at around 880 nm, however, not yet sufficient for lasing; this clearly
indicates the beginning of spill-over into the barrier even in this broad-stripe
device with it's lower lateral losses. Note that broad area (50 um), short cavity
(200 pm) devices from the wafer processed here did lase at the longer

wavelengths as described in chapter 3. The increase in threshold current with
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Figure 5.1. Light-current curve for 5 um x 200 um with the current range

chosen for gain measurements indicated by vertical lines (dashed).
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stripe width observed at the shorter cavity length is similar to the dependence
expected for standard DH lasers and contrary to the anomalous stripe width
dependence of strained-layer InGaAs/GaAs SQW lasers with longer cavity
length35. It is interesting to note in this context that a more dramatic increase
of threshold current towards shorter cavity length has been observed for
broad-stripe strained-layer InGaAs/GaAs SQW lasers48 as compared to their
unstrained GaAs/AlGaAs counterparts4?, once again suggesting, in case of the
strained-layer, a Fermi level separation at threshold approaching the
condition for carrier spill-over into the GaAs guide layers. We conclude that
the strained-layer InGaAs/GaAs SQW device selected for the measurements
lased under high enough injection to provide quasi-DH operation near
threshold and a substantial influence on the linewidth enhancement factor

might be expected in such an operation.

5.3 Experimental Technique

The linewidth enhancement factor, «, which characterizes the
linewidth broadening due to fluctuations in the carrier density altering the
refractive index, is a key parameter that determines the performance of
semiconductor lasers both under CW operation and under high frequency
modulation101.102 This factor a is proportional to the ratio of the change in
the refractive index with carrier density (dn/dN) to the change in gain with
carrier density (dg/dN). o can be expressed conveniently in terms of the
change in internal mode gain ( Gj =I" g; I' is the gain confinement factor)

and the wavelength shift (dA) of the Fabry Perot cavity modes with change in
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the injected current (dI) below threshold as103,

21:( dr/dl ]

o =H ‘a(G—lL)'/'a—I (5.1)

where AA is the Fabry-Perot mode spacing for a cavity of length L.

The technique to measure the a parameter was to observe the spectral
shift of individual Fabry-Perot modes of the laser and to calculate the gain
change with injection level from their peak-to-valley ratios?0. The
experimental set up that was used in this investigation is similar to the
spectral measurement set up shown earlier (see section 3.4), but a chart
recorder was used to record the spectra at the different injection levels. The
laser was operated pulsed (pulse width 200 ns, 5 kHz repetition rate) to
minimize heating effects. The laser mount was temperature controlled at
12.6 °C. The mode spectra were measured by passing the emission through a
SPEX 1704 one meter grating spectrometer to a photomultiplier cooled to -100
°C, and conditioned using an EG&G box car averager with a Model 165 gated
integrator and a chart recorder. A CCD camera and a TV monitor was used for
initial alignment of the laser with the grating spectrometer's input and
output slits. The current range was chosen close to threshold and was limited
at the lower end by noise and at the higher end by the onset of lasing.
Spontaneous emission spectra were plotted at 1 mA current intervals to

enable unambiguous identification of the shifting laser modes.
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5.4 Results

5.4.1 Differential Gain

The modal net gain, G, was obtained from the depth of modulation in
the spontaneous emission intensity as before (section 3.4.3). In the limited
current range studied we may assume a; to be a constant and thus: dG/dI =
dG;/dI allowing us to replace G; by G in eqn. (5.1). Figure 5.2 shows the mode
spectrum below threshold at various current levels as indicated. A shoulder
on the long wavelength side of the mode was found to be dependent on the
current pulse width but not with amplitude and thus not caused by higher-
order lateral mode excitation. The shoulder is undesirable since it could affect
the estimation of the true ratio, r (see section 6 below). Figure 5.3 presents the
gain length product, GL, as a function of wavelength at three current levels. It
was found to be approximately parabolic and was thus fitted with a standard
equation [G(A) = Gg - (2 / A) (A - 14))2] where Gg, A, and A are fitting
parameters. There is essentially no appreciable shift of the spectral gain peak
with current towards shorter wavelengths which would be expected due to
band filling; such a shift is generally observed in DH lasers104. The net gain
was found to vary linearly with current as shown in Fig 5.4 at the gain peak
and did not show any indication of linear gain saturation effects due to the
high injection levels as would be expected in a QW structure, a fact consistent
with our assumption of quasi-DH operation. However, the relatively narrow

current range available may not be large enough to allow for a possible
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slope is the change in this product in the current range measured at 877 nm.
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saturation trend to be detected. The slope of the variation of the gain-length
product with current (dGL/dI) was then obtained at various wavelengths as
plotted in Figure 5.5. The peak of this curve at 0.23 mA-1 is seen to more or
less coincide with the spectral position of the gain peak which was also the
lasing wavelength.

To determine an approximate value of dg/dN from the peak value of
dGL/dl, knowledge of the dependence of the current density J on the carrier
density N, J = q L, [ AN+BN2+CN?3 ], where each term represents, respectively,
the contribution of non-radiative, radiative and Auger recombination
mechanisms, is necessary. L; is the active material thickness and q is the
electronic charge. Following Asada et al.105 in the range of N values

considered, these contributions can be described by

J = q Lz Begs N2 (5.2)

where Beff is an effective (radiative)recombination constant. Assuming
massive carrier spill-over from the QW into the guide and neglecting the
current from the QW, we replace L; in eqn. (5.2) by the guide thickness d; .

The carrier density in the guide, averaged over the stripe width, is then given

by

N = V(I/(dz Wefs q Betf L)) (5.3)

where Weys is an effective width of the stripe that accounts for lateral current

spreading. We then obtain
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dar

dN (5.4)

Z|R

Additionally, dG = G4 dg , where G4 is the mode confinement to the guide
y d,98 d, g

layer.

The various parameters needed for the carrier density estimation are
listed in Table 5.1. Wegs was estimated assuming a lateral current spread of
about 1.5 um (equivalent to the spacing between the stripe contact and the
active QW layer) on each side of the stripe. Thus, the dGL/dI peak value of
0.23 mA-1 corresponds to a value for dg/dN of 8.2 x 10-16 cm2 at a carrier
density in the guide, N, of 3.4 x 1018 cm3 (I= 75 mA); note that the high N
value obtained in the estimate clearly justifies the spill-over assumption and
the neglect of the QW current. In comparing this value with those of Rideout
et al.25 for strained InGaAs/GaAs QW lasers at around the same carrier
densities but restricted to the QW, we find that our values are about 1.2 times
higher. Note, however, that our values are at a temperature (12.6 °C ) slightly
below room temperature. Our estimated peak value for the differential gain,
dg/dN, is a factor of 2 greater than the values determined both theoretically106
and experimentally107.108 for unstrained AlGaAs/GaAs QW lasers operated
with low injection at comparable carrier densities in the QW. Values reported
for GaAs DH structures104.109 are quoted in terms of dg/dl only and, thus, a
quantitative comparison is not possible due to lack of information on carrier
density estimates. However, our peak value of dg/dN is a factor of 3.5 greater
than the highest values reported for InGaAsP bulk lasers110,111  Thijs

remarkably higher value, in spite of the spill-over into the guide due to a




131

Table 5.1. Parameters used in the estimate of carrier density at I = 75 mA

Variable

Values

Cavity length

Stripe width
Effective width

Recombination coefficient

Well thickness
Guide thickness
Confinement factor
Group index

Mode spacing

Lasin wavelength

L
W
Wess
Beff
Lz
dz

Ty

Zz

Ng

AA
A

200 pm
5 um

8 pm
1.0x 1010 cm3/s [a]

7.5 nm

258 nm
0.68 [b]
4.63
415A
877 nm

(a] Henry Kressel and J. K. Butler, “Semiconductor Lasers and

Heterojunction LEDs”, pp. 93, Academic Press Inc., New York, 1977.

bl  Calculated from a five-layer waveguide model.
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high quasi-Fermi level, is indicative of effects potentially still caused by strain

and the quantum well.

5.4.2 Mode Shift and Differential Index

The carrier induced shift in the mode position was determined as a
function of injection level. To get an accurate value for the shift a cross-
correlation technique was employed. The spectral charts were digitized using
a scanner and processed in a Macintosh computer to generate enough
number of data points. It was then transferred to a Microvax computer where
data sets for three modes centered at a particular wavelength for two
successive current levels were taken and the shift between them was reliably
obtained using the technique. Figure 5.6 provides the extent of shift in mode
position with drive current at the gain peak and Fig. 5.7 shows the spectral
variation of this shift exhibiting a small scatter. Fig. 5.7 is approximated by a
straight line since there was not much justification to assume otherwise,
even though it also fits a parabolic curve with a small curvature, as shown.
The magnitude of shift was about 0.3 A per mA change in the injected
current. Using the previously derived relationship between current and

carrier density and,

28 g\ =dn ©)
La

where the group index ng = A2/(2LAL) , we can relate the mode shift dA to the
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change in refractive index dn. We see that the shift dA/dI of -0.3 A mA-1
correlates to a value for dn/dN of about -1.1 x 1020 cm3 at a carrier density in
the guide N of 3.4 x 1018 cm-3 . This value for dn/dN is comparable to those of
standard DH AlGaAs lasers!12, a good indication of the spill-over and the
emission being close to GaAs; it is less than values reported for bulk InGaAsP
lasers by Manning et al.112 and is also less by a factor of about 1.5 when
compared with the values of Rideout et al.25 for strained-layer InGaAs/GaAs
QW lasers at that carrier concentration in the QW. Since we could not
measure dg/dN and dn/dN as a function of the carrier concentration over a
larger range, a comparison with similar relationships published by others

such as Rideout et al.25 is not too meaningful.

5.4.3 Linewidth enhancement factor

The spectral variation of the linewidth enhancement factor as given by
eqn. (5.1), is shown in Figure 5.8. A minimum of 1.7 was measured at the
wavelength where the gain as well as the differential gain peaked. This value
is in agreement with the minimum value determined by Rideout et al.2> for a
4.8 nm strained-layer InGaAs/GaAs SQW buried heterostructure device with
a 3.5 um stripe width and a cavity length of 49 um at a lasing wavelength of
1.07 um and a QW carrier density of 5.0 x 1018 cm-3 ; it should be noted that
this minimum o was observed below the maximum value for dg/dN. In our
investigation, however, the quantum well size was 7.5 nm with a 5 um gain-
guided stripe width and a cavity length of 200 pum, while lasing occurred in

quasi-DH operation at 877 nm. This makes the measured low value of
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particularly remarkable, since the emission is dominated by recombination
from the GaAs guiding layer. The lower value could in part be a result of the
increased losses pushing up the quasi-Fermi level which has been shown
theoretically and experimentally by Arakawa and Yarivl13 to influence the
value of a. In their investigations of GaAs/AlGaAs DH lasers with different
photon energy they found that a decreased monotonically with higher
photon energy (i.e., increase in Fermi level) with a lowest value measured
near 2.6 . Interestingly, our spectral variation of a is qualitatively similar to
that measured for unstrained multi-quantum-well (MQW) structures by
Hausser et al.114 and the strained InGaAs/InP MQW laser measured by Dutta
et al.103

In the above investigations a polarizer was not used to remove the TM
component of the emitted light. This resulted in an artificial baseline to be
superimposed thereby affecting the accurate estimation of the peak-to-valley
ratio, r, and hence that of the net gain. Subsequently, we estimated the TE-to-
TM ratio and found it to be about 70% to 30% in the current range of interest.
The TM component did not saturate at threshold exhibiting a small positive
slope at current levels just above threshold. To account for this T™M
component as well as for the shoulder on the long wavelength side of the
longitudinal modes, (Fig. 5.2), an analysis was done to estimate its effect on
the value for the differential gain and hence that of a. We concluded that
there could be at most a 20% uncertainty in the final value for a resulting in
somewhat higher values than measured (as shown by error bar in Fig. 5.8).
Considering this uncertainty we find that the minimum value for a is still

about 2 at the gain maximum, which is lower than values reported for DH
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lasers but close to the values reported for strained and unstrained QW lasers

by other workers.

5.5 Discussion

In summary the spectral variation of d(GL)/dl, dl/dl, and « for a
strained-layer InGaAs/GaAs SQW laser operated in a quasi-DH mode at the
barrier wavelength under extremely high injection condition have been
measured below lasing threshold over a wavelength range of 60 A. The
necessary large lateral and longitudinal (mirror) losses were provided by a
narrow (5 um) gain-guided lasing stripe and a relatively short (200 um) cavity
length. From the measured quantities rough estimates for the average carrier
density, N, in the GaAs guide layer, the differential gain, dg/dN, and
differential index, dn/dN, were made at the optimum wavelength (Table 5.2).
An enhanced value for the differential gain (dg/dN) has been estimated, (8.2
x 10-16 ¢cm? at about 3.4 x 1018 ¢m-3 injection carrier density in the guide
layer), for this narrow-stripe short device which is higher than values
reported by other workers at corresponding carrier densities for both QW
(strained and unstrained) and DH structures.

It is relevant to point out that these estimates are dependent on the
accuracy of parameters like Wegr and Beff used in the above estimation.
From equations (5.3) and (5.4) for dg/dN and from equations (5.4) and (5.5) for
dn/dN, it is seen that both dg/dN and dn/dN are proportional to
(WeffBefr)1/2. With a maximum expected uncertainty of + 50% in the value

for Beff and an additional + 20% possible uncertainty for Wegs, there results a
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Table 5.2. Estimated values at optimum wavelength A = 877 nm

Carrier density

Differential gain

Differential index

Linewidth enhancement factor

dg/dN

dn/dN

(3.4 x 1018 F 0.9 x 1018) cm-3

(8.2 x 1016 £ 2.2 x 10-16) cm?2

(-1.1 x 10020 % 0.3 x 10-20) cm3
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r.m.s variation of * 27% in the values for dg/dN and dn/dN; the r.m.s
variation in the value for N is however, ¥ 27% sincevthe carrier density (from
equation (5.3)) is seen to be inversely proportional to (WegBege)1/2.
Consequently, a realistic lower limit for dg/dN would be around 6 x 10-16
cm? at the carrier density, N, of 4.3 x 1018 ¢m-3 in the guide. Note that an
upper bound in N results in a lower bound for dg/dN and dn/dN. On the
other hand, any additional non-radiative or Auger current contributions (AN
and CN3 ) would increase Beff, thus increasing dg/dN and dn/dN from the
estimates given.

The estimated value for the index shift (dn/dN), (- 1.1 x 10-20 ¥ 0.3 x 10-
20 c¢m2), however, is in excellent agreement with values reported in the
literature for the case of GaAs DH lasers, a good indication of the carrier spill-
over into the guide due to the large losses. This index shift is considerably
lower than values reported for QW structures. Thus the enhanced differential
gain results in a remarkably low value for the linewidth enhancement factor,
a, of about 1.7 - 2.0 at a carrier density of (3.4 x 1018 F 0.9 x 1018) cm-3, in spite
of the lasing being from the GaAs guiding region. This result could be due to
the combined influence from strain and quantum effects. Even though the
increased loss leads to a strong increase in the threshold current3548 with a
simultaneous shift of the lasing wavelength to shorter values close to the
GaAs barrier, such narrow-stripe gain-guided strained-layer SQW lasers have
the additional advantage of providing strong lateral coupling in laser array
applications115. The low value for o even under quasi-DH operation at high
injection makes such lasers attractive for incorporating a wavelength

switching capability by proper control of losses in the lasing cavity.




Chapter 6

CONCLUSIONS

In the present dissertation the device characteristics in terms of time-
integrated and time-resolved lasing properties have been experimentally
investigated under pulsed high injection conditions for strained-layer
InGaAs/GaAs single-quantum-well gain-guided stripe-geometry lasers. The
experiments show the potential use of such devices for wavelength switching
operation between widely separated wavelengths in a single device. We have
demonstrated the possibility of shifting the operating wavelength in a
controllable manner using the choice of appropriate cavity length and stripe-
width. These devices exhibited lasing wavelength switching and
“simultaneous” (in a time-integrated sense) multiple wavelength emission
through appropriate variation in the injection current utilizing the different
transitions available in the quantum well and the barrier.

In determining the relationship between the threshold current and the
cavity length, a striking feature was the rise in threshold current towards
shorter cavity length which is caused by the strong gain saturation at these
high injection densities. The low gain confinement, I', in a single quantum

well, makes this “anomalous” effect more pronounced. The additional larger

141



142

optical lateral losses that were seen in these strained-layer devices, as
compared to the unstrained systems, and the increased pumping required to
achieve gain forced loss of carriers from the quantum well. This enhanced the
gain saturation seen at the quantum well transitions. With sufficient carriers
present in the surrounding regions due to excessive carrier spill-over, the
device was found to switch to shorter wavelengths corresponding to the
barrier bandgap, for shorter cavities and/or smaller stripe-widths, at
sufficiently high injection levels.

A systematic study on the spectral and temporal characteristics of the
successive wavelength switching observed in the devices through both time-
resolved spectral and picosecond resolved light pulse measurements
provided a better handle on the possible physical mechanisms involved for
the observed behavior. Measurements of the relaxation oscillation frequency
with power showed the presence of an instability condition, dg/dP > 0 due to
saturable absorber or lateral hole burning. Preliminary comparison of the
experimentally observed behavior of the relaxation oscillation frequency with
that for the damping, using a small signal analysis model, indicated that a
more complex large signal analysis is required. In addition to spectral hole
burning effects, due to the energetic redistribution of the carriers,
redistribution of carriers spatially (vertically and laterally) also have to be
taken into account to understand the nonlinear gain dependence with power
observed at the longer wavelengths which facilitated the onset of lasing at the
shorter wavelengths. The “de-damping” as a result of this nonlinearity
resulted in self-pulsations in the output. However, the shift in the operating

wavelength to shorter values was associated with the degradation of the
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spectra due to lateral instabilities in the gain profile. The chaotic behavior
observed in the light output will have to be removed to make the device
useful for applications.

Properties of the strained-layer systems, like differential gain and
linewidth enhancement factor, were investigated under fairly high injections.
It is known that as a result of the splitting of the valence band and a reduction
in the asymmetry of the density of states these values are improved at low
injection when gain saturation effects are not yet in play. Operating the device
in a quasi-double-heterostructure mode, however, showed remarkably high
values for the differential gain and low values for the linewidth
enhancement factor. Their spectral variation was also similar to the
unstrained and strained systems at low injections.

Further investigation of such devices need to be performed with more
controllable loss mechanisms to obtain controllable switching of the
operating wavelength and to also maintain single spatial mode operation at
all current levels of interest. This would make the device suitable for several
applications. Index guided structures, often used for single mode operation,
have to be used with integrated control of the loss (either mirror or internal)
to obtain multi-wavelength operation in a single device. The realization of a
laser diode with controllable switching of widely separated wavelengths
would allow for simple wavelength multiplexing in non-coherent optical
communication systems as well as multi-wavelength addressing in optical
information systems. Additionally, it is anticipated®® that monolithic
integration of wavelength switching laser diodes with other photonic

elements might create new optical logic circuits which could, e.g., provide
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simple digital functions in optical interconnects. With the availability of
wavelengths from 1.1pm to 880 nm, there is a possibility of “simultaneous”
frequency doubled generation of blue and green with a single source and a
waveguide using Quasi-Phase Matching (QPM) techniques!16. Such an
arrangement, if done in a hybrid configuration, would prove invaluable in
enhancing the performance of optical storage systems, optical recording,

displays, and many other systems that require compact visible sources.
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APPENDIX A

This appendix is a table of the processing steps used in the fabrication of gain-

guided stripe-geometry lasers of different cavity lengths and stripe widths.
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Wafer cleaning

(a) Clean with Acetone, Methanol or IPA, DI water
(b) N2/O; Plasma cleaning’

(c) Dip in HCI + DI solution to remove native
oxide and rinse with DI and blow dry.

Photolithography

(a) Resist spinning
(i) Place a few drops of HMDS
(ii) Spin : 5s @ 2k rpm and 60s @3.3k rpm
(iii) Place a few drops of 1811 photoresist
(iv) Spin as in step (ii)

(b) Soft bake @ 100 °C for 60s on hot plate

(c) Edge bead removal
(i) Use mask with suitable pattern according to
wafer size to expose only the edges
(ii) Expose for 3 min to remove edge bead
(iii) Develop in AZ400k solution ( = 120s)
(iv) Rinse with DI and blow dry

(d) Pattern wafer with suitable mask

(e) Develop in AZ400k, rinse and dry

Etching of p+
GaAs cap layer

Three ways to do it :

(a) Selective etch
Citric acid solution + H)O2 (10:1)
Citric acid solution is 50% by weight of citric
acid in H7O. Etch rate is = 0.25 um/s (NOTE:
etches p+ GaAs and n type AlGaAs and NOT
p+ type AlGaAs)

(b) HCl + H20; in H20 (2:6:100) Etch rate = 30 A/s

(c) Phosphoric etch
H3PO4 + HXO72 + DIHO  (3:1:25) Etchrate =
32-33 A/s (NOTE : Etch profile independent of
crystal orientation)




Resist removal
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Rinse with acetone, DI and blow dry
Place the wafer in dehumidifier overnight

sn:h“

|

P metallization

(a) Solvent cleaning
(i) 3 beakers of 100 ml of TCE, hot (not boiling)
(ii) Dip in each (5 min) and transfer to next
(iii) Repeat (ii) in hot acetone but not boiling
(iv) Repeat (ii) in hot IPA but not boiling
(v) Rinse wafer in room temperature IPA for
30s
(vi) Rinse wafer in DI and blow dry
(b) Dry N2/03 plasma cleaning for oxygen descum
(c) Standard acid etch to remove oxide layer
(d) Metal deposition
Deposit 50 nm of Ti, 50 nm of Pt and 250 nm of
Au in that order

Lapping

Substrate to be thinned to = 100 + 25 pm

N Metallization

Steps (a) through (c) as in step 5

(d) Metal deposition
Deposit 100 nm of Au/Ge, 20 nm of Ni, and
100 nm of Au

(e) Alloying |

Alloy for 90s @ 430 °C with forming gas (10%
H>,90% N>)

Cleaving=

Scribe and cleave wafer J




157

APPENDIX B

This appendix provides the details of the temperature control circuit that was
used to monitor and control the temperature of the laser mount using a

thermo-electric cooler and a thermistor.

Note:

(1) With R = 380 Q, the voltage across the 20 kQ potentiometer, for +10V
supplies, is = 1V. This range can be changed by different value for R.

(2) The potentiometer is a 10 turn pot. Thus @5 it is 0V, @0 it is -0.5V and @10
it is +0.5V

(3) The analog output of the OMEGA temperature controller provides a
10mV/°C signal. Thus, in principle, a temperature range of - 50 °C to + 50 °C
can be controlled.

(4) Relay ON : Switch open ; Relay OFF : Switch closed . Relay is off in normal
operation. When thermal runaway happens, i.e., T > Tsp, then 2N3904 is ON,
which switches the Relay to be ON, i.e., switch is now open, and hence no

current to TE module. Ts; can be set to, say 10 °C above Ts; .
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