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Abstract

Asymmetric Multiple Quantum Well (AMQW) lasers have wells of varying thickness
and/or composition within a single active region. The different wells emit at different
wavelengths. The thesis begins with a description of the basic properties of AMQW lasers which
have been discovered through experimentation. Next, an experimental technique is introduced
which employs AMQW lasers to study experimentally the non-uniform carrier distribution in
MQW lasers. Results of three studies carried out using this new technique are presented. A
theoretical model is developed to explain some of our experimental results. The theoretical
treatment of carrier capture and carrier escape is discussed in detail and different treatments are
compared to experimental data taken from AMQW lasers. Finally, the application of AMQW
lasers as broadly tunable lasers is discussed and the key design issues for designing broadly

tunable AMQW lasers are presented.
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1. CHAPTER 1 - INTRODUCTION

1.1 Introduction to Asymmetric Multiple Quantum Well Lasers

The problem of a particle trapped in a potential well is one of the elementary concepts of
quantum mechanics and is discussed in most introductory quantum mechanics text books and
university courses [1,2]. Quantum wells (QWs) play an integral role in the quantum mechanical
description of the universe. Atoms are three dimensional quantum wells and the structure and
behaviour of atoms can only be fully understood by studying the problem of QWs. The potential
profile and energy levels of a one dimensional QW are shown in Fig. 1-1. A quantum well has
discrete energy levels because only particles with certain energies can satisfy the Schrodinger

equation at every location in space and time; a fundamental requirement of the laws of physics.

Encrgy‘ p————

Fig. 1-1 A quantum mechanical potential well and its allowed energy levels.
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Fig. 1-2 Layer structure and corresponding energy band diagram for a typical multiple

quantum well laser.

In the early to mid 1970s it was discovered that a quantum mechanical potential well could

be constructed in semiconductor material by sandwiching a thin layer of low bandgap material

between layers of high bandgap material. The band gap is changed by changing the composition

of the material. Shortly after the first experimental realization of semiconductor QWs they were

used to make quantum well semiconductor lasers. A review of this early work is given by C.

Henry in chapter 1 of the text edited by Zory [3]. The layer structure and band diagram of a

typical multiple quantum well (MQW) semiconductor diode laser structure are shown in Fig. 1-2.
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Several quantum well layers of low energy gap are separated by quantum barrier layers of high
energy gap. The wells and barriers make up the MQW active region. Above and below the active
region are the separate confinement heterostructure (SCH) layers which form a vertical optical
waveguide so that the laser light remains single mode in the vertical direction. For background
information on the operation of lasers see [4] and for information on semiconductor diode lasers
see [5].

As can be seen in Fig. 1-2, QWs are formed in the valence band and in the conduction
band of a QW laser. Light is produced in 8 QW when an electron in an energy level of the
conduction band QW recombines with a hole in the same energy level (i.e., n = 1) of the valence
band QW as shown in Fig. 1-3. For a description of the production of light in a QW see chapter 2
of [3].

Energy

Distance

Fig. 1-3 Optical transition across the energy gap of a QW.
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Compositionally Asymmetric

Distance
Fig. 14 Dimensionally and compositionally asymmetric multiple quantum well lasers.
The wavelengths of the optical transitions in a QW are primarily determined by the

bandgap of the QW material (or composition of the QW) and the thickness of the QW.
Asymmetric multiple quantum well (AMQW) lasers have QWs of different thicknesses and/or
compositions in the same active region. I have defined AMQW devices with QWs of varying
thickness as dimensionally asymmetric MQW (DAMQW) devices and AMQW devices with QWs
of varying composition as compositionally asymmetric MQW (CAMQW) devices. Schematics of

DAMQW and CAMQW active regions are shown in Fig. 1-4.
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The QWs of different thickness and/or composition generally emit at different wavelengths
which makes AMQW lasers of interest for two key reasons. First, they are potentially well suited
to a variety of applications, and second, they may be used to study the physics of MQW laser
operation. The different QWs in an AMQW structure contribute gain at different wavelengths
and can, if designed properly, exhibit a broad gain peak. Broad gain peak lasers have applications
such as broadly tunable lasers, mode locked ultra-short puise lasers, and low temperature
dependence distributed feedback (DFB) lasers. The spontaneous emission profile of AMQW
lasers also has a broad spectral width and AMQW light emitting diodes (LEDs) or
superiuminescent diodes (SLDs) may be useful in applications which require a broadly emitting
source.

AMQW lasers are also useful for studying the underlying physics of MQW laser operation.
The different thickness or composition QWs emit at different wavelengths and hence are
distinguishable. The relative rates of emission from the QWs of different thickness or
composition can be measured experimentally. This feature of AMQW lasers can be used to study
experimentally dependencies on position in the active region, QW thickness, and QW
1.2 Literature Review of AMQW Lasers

In this section I present a chronological review of the published work on AMQW lasers.
The published literature on AMQW lasers can be broken into two time periods. A series of

papers were published on AMQW lasers between 1989 and 1992. The interest in AMQW lasers

was renewed in 1996 and many papers have appeared in the past four years.

16



The first AMQW laser was reported by Tkeda ef al in 1989 [6]. In a series of papers
Ikeda’s group described the operating characteristics of two different AlGaAs AMQW structures
each consisting of two quantum wells of different thicknesses and different compositions
separated by a high, thick barrier layer [6-8]. They reported wavelength switching from one
quammnweﬂtomtha,mushﬁngonbmhqummweﬂ&mdqu&wnﬁnuouswﬁng
over a 22 nm range using split contact devices. These experimental papers were followed by two
theoretical papers [9,10] published in 1991 and 1992 in which the lasers were modeled using a
rate equation approach. In 1992 Evans et. al. [11] compared two mirror image AlGaAs AMQW
su'uctumforthepmposeofstudyhgtheeﬁ'ectsofthenon-uniformwxiudisu'ibutiom They
studied their structures at a single cavity length.

ThepastfewyearshaveseenamwedimmhAMQthenbegimingwitha
theoretical paper by Huang et. a/. in June 1996 [12]. Huang et. al. [12] theoretically studied the
carrier capture competition between two QWs of different thickness using a phenomenological
rate equation model and without comparing to experimental data. In February 1997 Gingrich et.
al. [13] were the first to exploit the potential of AMQW lasers as broadly tunable lasers. Gingrich
et al [13]waeabletowavelengthnmeanlnGtAdAlGaAsAMQtherinanmow
configuration external cavity over an 80 nm range. In March 1997 Kononenko et. al. [14]
published a theoretical paper studying the gain and spontaneous emission spectra of an AMQW
structure and predicted broad spectral properties. In May 1997 Krauss et al. [15] were able to
wavelength tune a GaAs/AlGaAs AMQW laser over an 85 nm range using a grating external
cavity. In August 1997 Yamazaki et. al. [16] compared two mirror image InGaAs/InGaAsP
AMOQW laser structures at a single cavity length to observe experimentally the effect of the non-

uniform carrier distribution. In September 1997 Zhu et. al. [17] reported a 118 nm tuning range

17



using an InP/InGaAsP AMQW laser in a Littrow configuration external cavity. In March 1998
Lee et al. [18] reponeda%mmﬁngmgeusinganInGaAsAMQWampliﬁainagmﬁng

coupled ring external cavity.

At CLEO 98 both Hamp et. al. [19] and Lee et. al. [20] reported on mirror image
AMQW structures showing the effect of the non-uniform carrier distribution. In October 1998
Hamp et. al. [21]inn'oduoedtheconceptoftheuansiﬁoncavitylengthandusedittoperforma
qualitative study of the non-uniform carrier distribution as a function of barrier height. In
Februaryl999Hampet.al.[22]introducedthequanﬁtaﬁveTCLmethodandusedittostudythe
effect of the non-uniform carrier distribution on structures with different numbers of QWs. They
alsoshoweddutcompﬁngmirrorimageAMQWhmatasingleuvitylcngthdounotyield
usefisl information about the non-uniform carrier distribution. In May 1999 Newell et. al. [23]
comparednﬁtmrimageAMQWsuucmmnasingleuvitylengthandmmedthe
electroluminescence at different pump currents. In 1999 Kononenko et al. [24] published a
theoretical study of the tuning range of AMQW lasers. In February 2000 Hamp ez. al. [25] used
tbequanﬁtaﬁveTCLmdhodmsmdytheeEeaofbarﬁuthichmmmemmﬁfomwﬁu
distribution. In May 2000 Hamp et al. [26] presented a physical explanation for the
experimentally observed dependence of the non-uniform carrier distribution on barrier thickness.
Also in May 2000 Wallace et. al. [27] presented the results of using an AMQW structure as the
gain medium in a2 mode locked short pulse laser. In June 2000 Woodworth et. al. [28] were the
first to demonstrate experimentally the use of an AMQW laser in trace gas detection applications.
In August 2000 Hamp et. al. [29] provided a comprehensive experimental and theoretical study of

the critical design parameters for producing broadly tunable AMQW lasers. Hamp et. al. [30]

18



have also presented an ambipolar rate equation and gain model which is capable of predicting the

experimentally observed behaviour of 13 different AMQW laser structures.

1.3 Thesis Summary and Objectives

This thesis is organized into seven chapters. Chapter 2 introduces the general properties
of AMQW lasers including the transition cavity length and the above threshold properties of
AMQW devices at different cavity lengths and temperatures. Chapter 3 introduces the
quantitative transition cavity length method for studying the non-uniform camrier distribution in
MQW lasers using mirror image AMQW structures. The experimental results of three studies
carried out using the transition cavity length method are presented. In chapter 4 an ambipolar rate
equation and gain model is developed which is capable of predicting the experimentally observed
dependence of the non-uniform carrier distribution on barrier thickness, a dependence that does
not appear to be predicted by existing carrier transport models. The model is capable of fitting
experimental data taken from thirteen different AMQW laser structures. Chapter 5 describes our
treatment of the processes of carrier capture and carrier escape in 8 QW. The critical design
parameters for making broadly tunable AMQW lasers are examined in Chapter 6. Chapter 7
contains a summary of the work reported in this thesis and a list of suggestion for future work.
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2. CHAPTER 2 - PROPERTIES OF AMQW LASERS

2.1 Introduction

In this chapter the spectral properties of AMQW lasers are described. Several interesting
and unique phenomena have been observed. These phenomena were exhibited by all of the
AMQW structures grown and studied and hence are believed to be general properties of AMQW

lasers.

The spectral properties of AMQW lasers vary strongly with cavity length. The first
section of this chapter is devoted to defining and describing the transition cavity length (TCL).
The spectral properties of AMQW lasers can be categorized with respect to the TCL. The
remainder of the chapter examines the spectral behaviour of AMQW lasers. Fascinating above
threshold spectral behavior has been observed for lasers with cavity lengths longer than the TCL
but near the TCL. These lasers initially reach threshold on the thick QWs but with increasing
current exhibit a large shift in wavelength towards the emission wavelength corresponding to the
thin QWSs. Increasing the current further causes the thin QWs to reach threshold and begin to
lase; lasing on modes corresponding to both wells was observed. A transition from lasing on
QWs of one thickness to QWs of another thickness was also observed with changing temperature.
These phenomena were observed for c.w. and pulsed operation indicating that the effect is not
thermal although it does have a temperature dependence. High speed measurements show that

lasing on the thick wells and thin wells appears to occur simultaneously.
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Fig. 2-1 Schematic of all laser structures. Each structure has s different active region.
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Fig. 2-2 Valence band energy diagram for the active region of structure 1.
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Fig. 2-3 Schematic of the experimental setup used to measure the spectra and LI curves of
the devices.

2.2 Device Description and Experimental Setup

Thirteen different AMQW laser structures have been studied. The laser structures we
have studied all have different active regions but are all set in the layer structure shown in Fig.
2-1. The characteristics described in this chapter have been observed in all of the AMQW laser
structures we have grown but for convenience the behaviour of one structure is described in detail
in this chapter. The structure studied in this chapter is labeled structure 1. The active region of
structure 1 is shown schematically in Fig. 2-2. The structure contains two 100 A wells, two 50 A
wells and six 35 A wells of composition In7sGasAs P20 Separated by 100 A barriers of
composition InsGaxsAssosPes. The QWs have 1 % compressive strain and the barriers have

0.6 % tensile strain. The structures were grown at McMaster University using gas source

2



molecular beam epitaxy. Layer thicknesses were controlled, for thin layers, to within + 3 A and
material compositions are believed to be accurate to + 1%. Ridge waveguide (RWG) devices
with ridge widths of 2, 3, 4, and 5 pm and cavity lengths of 400 to 3000 um + 10 pm were

processed. Eight to twelve lasers of each cavity length were tested.

The laser bars were mounted on copper blocks using silver paint. Thermistors were
embedded in the copper blocks and the blocks were mounted on and thermally coupled to a
thermoelectric cooler. A PID circuit was used in conjunction with the thermistor and cooler to
set and stabilize the temperature. Current was delivered to the lasers through a spring loaded
probe which was brought down onto the p-contact of the lasers using an x-y-z positioner stage.
The n-contact was contacted to the copper block. Current was defivered to the devices using

c.w. and pulsed driver circuits.

A schematic of the experimental setup used to measure laser spectra and LI curves is
given in Fig. 2-3. Laser spectra were measured using a scanning monochromator. The scanning
mirror allowed steps between measurements of 0.047 nm and the wavelength of the
monochromator can be calibrated with an accuracy of + 2 nm. The scanning mirror can only
access a 20 nm range so to measure the wavelength range of the AMQW devices four separate

scans were taken and pieced together to observe the complete wavelength range.

2.3 The Transition Cavity Length

Dimensionally AMQW lasers with QWs of two different thicknesses operate on the thick
wells when the cavity length is long and on the thin wells when the cavity length is short. The
cavity length above which a DAMQW laser with QWs of two different thicknesses operates on

the thick wells and below which it operates on the thin wells we have defined to be the Transition



Cavity Length (TCL). For example, structure 1 lasers initially reached threshold at 23 °C on the
100 A wells for cavity lengths > 600 um and on the 50 A wells for cavity lengths < 500 pum so we

define the transition cavity length to be = 550 um.

The TCL is experimentally determined by plotting the lasing wavelength at laser threshold
versus cavity length. Lasing wavelength at threshold is plotted versus cavity length for structure 1
in Fig. 2-4. The sharp decrease in lasing wavelength at threshold with decreasing cavity length
marks the transition from lasing on the thick wells at long cavity lengths to lasing on the thin wells

at short cavity lengths. From Fig. 2-4 the TCL for structure 1 was determined to be 550 £ 50
um.

The physical origin of the TCL and the general properties of the TCL in all AMQW lasers

are discussed in Chapter 4.

1550
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Fig. 24 Lasing wavelength at threshold versus cavity length for structure 1.
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2.4 Spectral Properties of AMQW Lasers

In this section the spectral properties of AMQW lasers with cavity lengths near the TCL
are described. The TCL marks the transition from operation on QWs of one thickness to QWs of
another thickness and the spectral behaviour of devices near this transition is fascinating. For a
range of cavity lengths longer than the TCL but still near the TCL AMQW devices lase at
threshold on the thick QWs but with increasing current the lasing wavelength exhibits a large biue
shift towards the lasing wavelength of the thin QWs. Further increasing the current causes the

thin QW to reach threshold and lase simultaneously with the thick QWs.

Tkeda et al. [6,8) reported switching from lasing on one thickness well to another and
simultaneous lasing on two different thickness wells with changing current for AlGaAs devices.
They stated that an unusually high and thick barrier layer between the different thickness wells
was required to see these effects. We have found these effects to be very general properties of
AMOQW lasers and have observed them in a dozen different InP/InGaAsP AMQW laser structures
with various barrier heights, barrier thicknesses and numbers of QWs.

We have studied the switching and simultaneous lasing phenomena as a function of
temperature and cavity length. Using a pulsed laser drive current we have demonstrated that the
switching effects do not appear to be thermal. Through the use of high speed measurements we

have shown that wells of two different thicknesses appear to lase simultaneously.

2.4.1 Broad Wavelength Shifts and Simuitaneous Lasing
The phenomena described in this section were observed for a range of cavity lengths

longer than but near the TCL. Structure 1 lasers had a transition cavity length of 550 pum and

these phenomena were observed in structure 1 lasers with cavity lengths ranging from 600 pm up
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to 1000 um. Asthecavitylmgthgetslongersinuﬂtaneonslasingofthetlﬁckandthinwellsno
longer occurs and the amount of wavelength shift with changing current decreases until, for cavity
lengths much longer than the TCL, no wavelength shift occurs at all and the devices operate as
conventional MQW lasers. The range of cavity lengths over which the wavelength shift
phenomenaoccm'isrelativetotheTCLasmnbeseeninAppcndixIandforaTCanGOOum

is a few hundred um above the TCL.

Fig. 2-5 shows the output spectra of a 600 um structure 1 device at room temperature for
drive currents of 65 mA, 120 mA, 140 mA, and 150 mA. The LI curve for the device at room
temperature is shown in Fig. 2-6. The device reaches threshold at 60 mA and lases on the 100 A
well at a center wavelength of 1.537 um. As can be seen in Fig. 2-5, at 65 mA the device behaves
like a conventional MQW laser in which all the wells are 100 A thick. The laser continues to
behavelikeaoonventionalMQWlawmtilthewrmnmdmllsmAwhichcorrapondstothe
beginning of the “kink” in the LI curve shown in Fig. 2-6. At 115 mA the spectrum begins to
shift towards shorter wavelengths and broadens. Fig. 2-5 shows that at 120 mA the spectral
range over which lasing modes exist is extremely broad. Modes with an appreciable fraction of
the total output power exist from 1.535 um to 1.505 pm covering a 30 nm range. This indicates
that at 120 mA the gain peak is extremely flat over a 30 nm range. Increasing the current further
causes the gain peak to shift to shorter wavelengths and become narrow. At 135 mA the 50 A
well reaches threshold and begins to lase simultaneously with the 100 A well. As is shown in Fig.
2.5 at 140 mA the 50 A well begins to lase at a center wavelength of 1.482 um while the 100 A
well continues to lase over a range from 1.505 um to 1.520 um. Further increasing the current

causes the lasing from the 50 A and the 100 A quantum wells to move towards each other. Note



thatﬁwunisﬁonmvdmgthofthsedevicmwuldbechangedbygrwerumnsonmby

changing the operating current or temperature.
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Fig. 2-5 Measured spectra for a structure 1 device with 2 600 um cavity length. The
spectra were taken at 23 °C and at c.w. operating currents of 65, 120, 140, and
150 mA.
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Fig. 2-6 LI curve for the 600 um structure 1 device whose spectra are shown in Fig. 2-5.

2.4.2 Below and Far Above the TCL

The interesting broad wavelength shifts and simultaneous lasing reported in the previous
section only occur for cavity lengths longer than, but near, the TCL. For cavity lengths
substantially longer than the TCL the devices reach threshold on the thick wells and continue to
lase on the thick wells for high current injection (a maximum current of 260 mA was used). No

large wavelength shifts or contributions from the thin wells occur. The spectra of a structure 1



laser with a cavity length of 2000 um is shown in Fig. 2-7 for currents of 70 mA (just above
threshold) and 230 mA. Tbe emission spectra broadens out for high current injection but no blue
shift occurs and no contribution is seen at wavelengths corresponding to the thin wells. The LI
curve of the 2000 um structure 1 device is shown in Fig. 2-8. No “kink” occurs in the LI curve as
was observed for the 600 um structure 1 devices. The 2000 um structure 1 device behaves like a

conventional MQW laser with only the thick wells in the active region.

The spectra of a 500 um structure 1 device are shown in Fig. 2-9 for currents below and
above threshold. The 500 um cavity length is just below the TCL for structure 1. Below
threshold, for low currents, light is initially emitted from the thick wells. With increasing current
the thin wells begin to produce light and eventually dominate the spectrum. The transition from
the thick wells to the thin wells occurs entirely below threshold. The device reaches threshold on
the thin wells and above threshold continues to lase on the thin wells. No wavelength shifts or
contributions from the thick wells are observed above threshold. Above threshold the device
behaves like a conventional MQW laser with only the thin wells in the active region. The LI
curve of the 500 um structure 1 device is shown in Fig. 2-10. Again, no “kink™ occurs in the LI

curve as was observed for the 600 um structure 1 devices.
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Fig. 2-7 Measured spectra for a structure 1 device with a 2000 um cavity length. The
spectra were taken at 23 °C and at c.w. operating currents of 70 and 230 mA.
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Fig. 2-8 LI curve for the 2000 pum structure 1 device whose spectra are shown in Fig. 2-7.
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Fig. 2-9 Measured spectra for a structure 1 device with a 500 um cavity length. The
spectra were taken at 23 °C and at c.w. operating currents of 30, 50, 70, and 80
mA.
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2.4.3 Temperature Dependence

Switching from lasing on the 100 A well to lasing on the S0 A well was also observed
while changing the temperature of the 600 um cavity length lasers and keeping the current
constant. The spectra of a 600 pm structure 1 laser are shown in Fig. 2-11 for a range of
temperatures and a current of 110 mA. At 17 °C the device lases at 1.535 um, corresponding to
the 100 A well, and increasing the temperature to 30 °C results in a switch to lasing at 1.490 um

corresponding to the 50 A well.

The LI curves for a 600 um structure 1 laser are shown in Fig. 2-12 for temperatures of
17 °C, 23 °C and 30 °C. The spectra of the device at 17 °C are shown in Fig. 2-13 for currents of

135, 155, and 165 mA and the spectra of the device at 30 °C are shown in Fig. 2-14 for currents
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of 100 mA and 170 mA. When the device is at 17 °C the wavelength shift and lasing of the thin
QWs occur at higher currents than when the device is at 23 °C. The “kink” in the LI curve moves
to higher currents and becomes more pronounced. The beginning of the “kink™ still corresponds
to the beginning of the wavelength shift and the end of the “kink” corresponds to the threshold of
the thin QWs. At 30 °C the devices reach threshold on the thin wells and operate above threshold
entirely on the thin wells. The LI curve does not have a “kink™. At 30 °C the 600 um devices
behave similarly to the 500 um devices at 23 °C. The TCL is temperature dependent. The TCL

increases with increasing temperature and decreases with decreasing temperature.

2.4.4 Pulsed Operation

Structure 1 devices with 600 um cavity lengths were tested under pulsed current injection
conditions to determine if the switching process is thermal. The lasers were driven with 2 ps
current pulses with a 0.6 % duty cycle. As was observed under c.w. operation the 600 um cavity
length lasers began lasing on the 100 A well and with increased current switched to lasing on the
50 A well. The pulses were too short for substantial heating of the junction to take place. This
demonstrates that the switching process is non-thermal. A time and wavelength resolved
examination of the laser output for current levels large enough for the laser to lase on the 50 A
well determined that, at the beginning of the pulse, only the 100 A well emits light and that the 50

A wells do not produce light until the end of the pulse.
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Fig. 2-12 LI curves for a structure 1 device with a 600 um cavity length taken at 17, 23, and
30°C.
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Fig 2-13 Measured spectra at 17 °C for the 600 um cavity length structure 1 device whose
LI curves are shown in Fig. 2-12.
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Fig. 2-14 Measured spectra at 30 °C for the 600 um cavity length structure 1 device whose
LI curves are shown in Fig. 2-12.

2.4.5 Simultaneous Lasing

For devices with cavity lengths longer than but near the TCL (described in section 2.4.1
above)andforhighhjecﬁonamam,thethickmdtlﬁnweﬂswueobwvedwhse
as occurs with the various modes of a multimode laser which is called partitioning. High speed
measurements were performed to determine whether AMQW lasers do in fact lase simultaneously
on the thick and thin wells or partitioning between the wells takes place. Ahig;lspwddetector
and monochromator were used to examine the lasing emission from the 100 A and 50 A wells. A
600 um structure 1 device was tested at a current of 150 mA. No partitioning between the 100 A
and 50 A QWs was observed on a 10 ns time scale. The thick and thin QWs appear to lase

simultaneously.
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2.5 Conclusion

The spectral properties of AMQW lasers are strongly dependent on cavity length. For
structures with wells of two different thicknesses, devices with long cavity lengths reach threshold
on the thick QWs while short cavity length devices reach threshold on the thin QWs. We defined
the’I‘CLastheeavitylengthabovewhichmchasuucturereach&stlumholdonthethickweﬂs
and below which devices reach threshold on the thin wells. Devices with cavity lengths longer
t.hanbutneartheTCLinitiallymchthrsholdontheﬁlickQWsandt}mexhibitalargeshiﬁin
wavelength with increasing current. This shift is followed by the thin QWs reaching threshold and
appearing to lase simultaneously with the thick QWs. High speed measurements did not reveal
partitioning between lasing on the thick and thin wells. The TCL was found to increase with
increasing temperature and decrease with decreasing temperature. Pulsed measurements
demonstrated that the observed wavelength shifts are not due to thermal effects. These
pbammemwueobwvedhﬁﬁneendiﬁ'umAMQthermmmdlbeﬁmﬂwym

general properties of AMQW lasers.
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3. CHAPTER 3 - THE TCL METHOD

3.1 Introduction

In Chapter 1 I listed reasons for studying AMQW lasers and stated that AMQW devices
provide a means of experimentally probing the active region. The QWs emit at different
wavelengths and hence are distinguishable. This enables one to determine the relative strengths of
the QWs in the active region. We have used this feature of AMQW lasers to develop a new
experimental technique for studying the distribution of carriers in the QWs of a MQW active
region.

In a MQW laser the carrier density is not generally the same in each QW. The distribution
of carriers in the QWs can profoundly affect device operation and is crucial to the understanding
of MQW devices [16,21,22,25,33,34,35]. We have developed an experimental technique which
employs AMQW lasers to quantify the degree to which the non-uniform carrier distribution

affects the net gain of QWS at different locations in the active region.

A great deal of experimental work has been done to study carrier transport in QW lasers.
This work consists mostly of time resolved photoluminescence experiments, pump probe
experiments, and modulation response measurements [36]. These experiments are designed to
study the high speed dynamics of carriers in QW lasers. Of key interest in this field are transport
time across the heterostructure and carrier capture rate into the QWs as these two factors play a
fundamental role in the high speed characteristics of QW laser devices. These experiments are not
designed to measure the distribution of carriers in MQW lasers. A plethora of theoretical work
has also been done to model carrier transport. Two basic types of models exist; elementary rate

equation models and Poisson solver models. Theoretical carrier transport models are used to fit
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toacpaimantdwﬁaﬂumpoﬂdamandmapableofnndeﬁngnmyofﬁnlﬁghspeed
properties of MQW lasers. Many theoretical carrier transport models predict a non-uniform
carrier distribution in MQW lasers and the non-uniform carrier distribution has been studied
theoretically at length [37]. However, carrier transport experiments are not designed to study the
non-uniform carrier distribution and the theoretical predictions of the carrier transport models
have not been compared to direct experimental measurements of the non-uniform carrier
distribution.

Many experimental observations have been attributed to the non-uniform carrier
distribution. For example Hazell e. al [33] have used the non-uniform carrier distribution to
explain experimental results obtained from structures with varying barrier heights. The non-
uniform carrier distribution is evident in experimental data taken from complex coupled DFB
lasers. Morrison et. al. [35] have shown the gain of the wells on the p-side is higher than the gain
of the wells on the n-side of the active region of compiex coupled DFB lasers and have attributed
this to the non-uniform carrier distribution.

AMOQW lasers can be used to study experimentally the non-uniform carrier distribution
across the active region of MQW lasers. Yamazaki er. al [16] were the first to use AMQW
lasers to provide evidence of the non-uniform carrier distribution. Using AMQW lasers we have
developed a quantitative experimental technique, called the Transition Cavity Length (TCL)
method, which allows us to study the relative populations of wells on the p-side versus the n-side
of the active region under electrically pumped, cw operating conditions [21,22,25]. We believe
our technique has provided the first direct experimental measurement of the degree to which the

non-uniform carrier distribution affects the gain of QWs in the active region. Our experimental
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technique has provided new, quantitative information about the degree to which the non-uniform
carrier distribution affects the gain of the QWs in a MQW active region under normal operating
conditions and about the dependencies of the non-uniform carrier distribution on structural

parameters such as the thickness and height of the quantum barriers.

In this chapter the TCL method is described and the experimental results of three studies

performed using the TCL method are presented.

3.2 The TCL Method

In this section the TCL method is described. The section begins with an explanation of
whatmirrorimageAMQWstructuraareandtheirroleintheTCLmethod. It is shown how
compaﬁngmhrorhmgemmmmulquaﬁuﬁvehfonmﬁonmmearﬁa
distribution. Next, the full, quantitative TCL method is described and the type of information the
method yields is shown. Finally, the importance of the TCL when comparing mirror image

structures or when using AMQW lasers to study the carrier distribution is explained.

3.2.1 Mirror Image Structures

Two mirror image DAMQW structures have nominally the same layers, compositions,
thicknesses, doping, etc., but the ordering of the QWs from the p-side to the n-side of the active
region is reversed in the two structures. Structures 1 and 2 in Fig. 3-1 are mirror image
structures. The measured photoluminescence (PL) spectra of structures 1 and 2 are shown in Fig.
3-2. The PL of the two structures is nearly identical. In PL experiments the lasers are optically
pumped which pumps all of the wells approximately equally regardless of their location in the
active region. The two structures have nominally identical dimensions, compositions and number

of quantum wells; only the ordering of the wells in the active region is different in the two
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structures. When the wells are all equally pumped their location in the active region does not

matter and, hence, the PL of structures 1 and 2 are expected to be nominally the same.
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Fig 3-1 Valence band energy diagram for the active region of structures 1 and 2.
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Fig. 3-2 Measured photoluminescence spectrum for structure 1 and 2.
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meop«ahlgchamauisﬁmofmﬁmrhmgeAMQWhmmbembmﬁaﬂydiﬁ'uun
under electrical pumping conditions. Yamazaki ef al [16] were the first to use mirror image
AMQW lasers to demonstrate that the carrier distribution across the active regions of MQW
lasers is uneven. Mobwved,foracavitylmgthoﬂwum,thatadevicewiththethickweﬂs
onthep-sideoftheacﬁveregionopunedonthetlﬁckwdlsmdthatthemirrorinngedevice
with the thin wells on the p-side of the active region operated on the thin wells. The authors
concluded that laser operation is achieved on the wells near the p-side of the active region
because carriers concentrate near the p-side wells. Yamazaki et al. also noted a difference in
threshold currents for the mirror image devices with 300 um cavity lengths. The important result
ﬁ'omﬁﬁsworkisthatifwaabﬁmetwodevioutobethesame(mmmbetofwellg
thicknesses, barriers, cladding layers, ridge waveguide dimensions, etc.) with the only difference
bdngdattheorduofmeQWsisrwusedthmﬂwdevimbdnvediﬁ'uunlymd,thetefore,the
ordering of the wells is important. It is reasonable to deduce that this is due to the theoretically
predicted [37] non-uniform carrier distribution. If all the QWs in the active region are pumped
mﬁfomlymmmdrpodﬁonmmeacﬁwngimshmﬂdmtaﬁ'eatheopanﬁngchanauisﬁaof
a device. Hence if the carrier distribution among the QWs is uniform then mirror image structures
should have identical operating characteristics. Thus, differences between mirror image AMQW

structures can yield information about the non-uniformity of the carrier distribution.

We have studied the operation of mirror image AMQW lasers as a function of cavity
length. We have found, in thirteen different AMQW structures, that regardless of the ordering of
the QWs all AMQW lasers with QWs of two different thicknesses operate on the thick QWs for
relatively long cavity lengths and on the thin QWs for short cavity lengths. In chapter 2 we

defined the Transition Cavity Length (TCL) as the cavity length above which AMQW lasers with
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QWs of two different thicknesses reach threshold on the thick QWs and below which they reach
threshold on the thin QWs. Mirror image AMQW lasers have different TCLs. Structures with
the thick wells on the p-side of the active region have shorter TCLs than the mirror image
structures. This can be explained as follows. When the thick wells are on the p-side of the active
region they contribute more gain. As the cavity length is decreased the amount of gain medium
between the laser facets decreases so more gain is required to overcome the output coupling
losses. When the thick wells are on the p-side of the active region they have higher gain and can,
therefore, overcome the output coupling losses at shorter cavity lengths than they can when they
are located on the n-side of the active region. This results in a shorter TCL. The enhanced gain
of wells when they are located near the p-side of the active region is due to the non-uniform
carrier distribution. Holes have a much lower mobility than electrons and the valence band has
larger band offsets so that holes remain localized near the p-side of the active region. As a result

most of the gain in the active region is contributed by QWs near the p-side.

Mirror image AMQW laser structures have different TCLs. The TCLs are different due to
the non-uniform carrier distribution. Thus the difference in TCLs between mirror image AMQW
laser structures gives a qualitative measure of the non-uniformity of the carrier distribution. The
closer the TCLs of mirror image AMQW laser structures are together the more uniform the

carrier distribution.

3.2.2 Quantitative Measure of The Non-uniform Carrier Distribution
Next, a quantitative estimate of the degree to which the uneven carrier distribution affects
the contribution of wells to the laser oscillation is developed. Using only the elementary laser

threshold condition we can use the difference in TCLs for mirror image structures to determine
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numerically the difference in net gain for wells when they are located near the p-side versus the n-
side of the active region. It is important to distinguish that numerical values are obtained for the
netgainwhichmcompassatheintrinsicgainoftheQWs,valiouslossmechanismsandvarious
pumping mechanisms. To extract accurately parameters such as the carrier density per weil the
net gain must be broken down into its constituents. However, the difference in net gain for wells
located on the p-side versus the n-side of the active region is a useful characterization parameter.

It quantifies the degree to which the uneven carrier distribution affects device performance.

The elementary laser threshold condition states R’e’* =1 [4]. From the laser threshold
condition we directly obtain the relation g, -L, = const = §,,, -L, where gau is the net gain of
the thick wells and L, is the transition cavity length for the structure with the thick wells on the p-
side of the active region and §,., and L, are the net gain of the thick wells and the transition

cavity length for the mirror image structure. The constant in this relation can be eliminated by

forming the normalized difference. We find

L-L, Beu-fa

— t=ﬁ39-_g_ Eq. 3-1
E is the normalized difference in transition cavity lengths between two mirror image AMQW
structures. From Eq. 3-1,

. 1+8
Buet = B "¢ Eq. 3-2

Thus, the experimentally measured TCLs can be used to obtain numerical values for the
ratio of the net gains of the thick wells when they are located on the p-side versus the n-side of

the active region.



3.2.3 Importance of the TCL

Other groups have compared mirror image AMQW lasers of a single cavity length for the
purpose of studying the uneven carrier distribution. Our results demonstrate that studying devices
of a single cavity length is not adequate and a method such as the difference in TCLs must be used
for this purpose. We believe our results are consistent with the experimental observations of
Yamazaki et al. [16] and Evans ef al. [38] but some of the conclusions drawn in Ref. [16] and
Ref. [38] may be specious because the authors only studied one cavity length. We believe that the
300 um cavity length used by Yamazaki et al. [16] is below the TCL for their structure A and
above the TCL for their structure B. In addition one should note that decreasing the temperature
of the devices, as Yamazaki ef al. have done, increases the material gain of the QWs which causes
a similar effect as increasing the cavity length. Therefore, operating at low temperatures, as
Yamazaki ef al have done, is similar to working with long cavity lengths. Thus, it is not
surprising (and it is consistent with our results) that Yamazaki et al found both structures to
operate on the thick wells at low temperatures. The conclusion drawn by Yamazaki ef al. that the
carrier distribution is not uneven for low temperatures may, therefore, be incorrect. We also
believe that the 1000 um cavity length used by Evans ef al is well below the TCL for their
structures and hence the performance of both structures is dominated by the thin well so that the
devices appear to be the same. Evans et al. reported differences in the mirror image devices for
low temperatures (T < 150 K). Moving to lower temperatures would be similar to moving closer
to the TCLs for these devices where there should be a greater difference between the devices.
Evans et al. also used AlGaAs devices where the carrier distribution is expected to be more even

than that of InP based devices due to the higher mobility of holes in GaAs [39].
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The results of Yamazaki ef al. [16] indicate that it may be possible to use the threshold
current of mirror image devices of a single cavity length to qualitatively and perhaps
quantitatively study the uneven carrier distribution that is not dependent on the TCL. We have
found the threshold current (Ia) of structures with the thick wells on the p-side of the active
region can be higher, lower, or nominally the same as the Is of their mirror image structures
depending on the cavity length. For example, at a cavity length of 3000 ym, Ia = 111 £2.5 mA
for structure 6 and Iy = 102 + 2.5 mA for structure 5; at a cavity length of 2400 £ 2.5 um, Iy =
105 + 2.5 mA for structure 6 and Iq = 104 + 2.5 mA for structure 5; and at a cavity length of
1000 pm, Iy = 66 £ 2.5 mA for structure 6 and Is = 91 £ 2.5 mA for structure S. Therefore,
studying I for mirror image structures of an arbitrary cavity length yields three different results

depending on the cavity length used.

3.3 Studies Done Using The TCL Method

We have performed three comparative studies using the TCL method. The first examines
the role of quantum barrier height in determining the carrier distribution by comparing structures
with low and high quantum barriers. The second studies the degree to which the non-uniformity
of the carrier distribution affects devices with varying numbers of QWs. The final study examines
the role of quantum barrier thickness on the uneven carrier distribution by comparing structures

with 100 A, 50 A and 30 A thick quantum barriers.

3.3.1 Quantum Barrier Height
In this section we use four AMQW laser structures to demonstrate that the non-uniform
carrier distribution across the active region of MQW lasers is dependent on the height of the

quantum well barriers. We compare four structures: two with high barriers and two with low
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barriers. We show that the devices with high barriers have a non-uniform carrier distribution
acrosstheactiveregionandthatthedevicswithlowbanierheightshaveamoreevencarrier

distribution.

Structure 3

Structure 4

4 ) 4 W
100 200 500 800 1100 1400 1700 2000

Distance from p-side SCH (Angstroms)
Fig. 3-3 Valence band energy diagram for the active region of structures 3 and 4.
Four laser structures were grown at McMaster University using gas source molecular

beam epitaxy. Structures 1 and 2 were shown in Fig. 3-1 and structures 3 and 4 are shown in Fig.
3-3. Each structure contains two 100 A wells, two 50 A wells and six 35 A wells separated by
100 A barriers. Structures 1 and 3 are mirror images of structures 2 and 4. Structures 1 and 3
have the 100 A wells on the p-side of the active region and the 35 A wells on the n-side of the
active region while structures 2 and 4 have the 35 A wells on the p-side of the active region and
the 100 A wells on the n-side of the active region. Structures 1 and 2 have wells of composition
In71sGansAs P 2o and barriers of composition InzsGaznsAssesPews. The wells are 1%

compressively strained and the barriers are 0.57% tensile strained. Structures 3 and 4 have wells
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of composition In 77sGazsAs 20P 240 and barriers of composition In 75Ga.2sAS P s10- The wells
are 0.8% compressive strained and the barriers are 0.4% tensile strained. Layer thicknesses and
compositions are precise to within + 3 A and + 1% respectively. Ridge waveguide (RWG)
devices were processed from each material Ridge widths of 2, 3, 4, and 5 um were made.
Cavity lengths ranging from 300 to 2000 pm + 10 um were tested. Four to twelve lasers of each
cavity length were tested. The devices were mounted and tested as described in chapter 2. All

measurements were taken at 23 °C.
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Fig. 34 Lasing wavelength at threshold versus cavity length for structures 1 and 2.

The wavelength at threshold is plotted versus cavity length in Fig. 3-4 for structures 1 and
2. The sharp drop in wavelength with decreasing cavity length marks the TCL. The transition
cavity length for structure 1 is = 550 pum and the transition cavity length for structure 2 is = 1150
um. The large difference in transition cavity length between structures 1 and 2 shows that the

location of the QWs in the active region strongly affects how the devices operate. The 100 A



QWsh:themmuelhsusmmﬂnepddeofthewﬁveregimandmmtfaenﬁaﬂywmpei
due to the non-uniform carrier distribution, allowing the 100 A QWs to dominate laser operation

to much shorter cavity lengths than in the structure 2 devices.

Thedegreetowlﬁchﬁnmn—mﬁfmmarﬁadistn’hxﬁonaﬂ'easthenetgﬁnoftheﬂﬁck
wcllswhentheyarelocatedonﬁnp-vmsthen—sideoftheacﬁveregionmbequmﬁﬁedusing
Eq. 3-1 and Eq. 3-2. We find that g, =208-§,,, meaning the net gain of the 100 A QWsiis

more than twice as big when the 100 A QWs are on the p- versus the n-side of the active region.

Structures 3 and 4 were grown to investigate the effect of barrier height on the carrier
distribution across the active region. Structures 3 and 4 are similar to structures 1 and 2 except
that the well and barrier material compositions were changed to reduce the height of the barriers.
Thediﬁmhbandgapmybﬂwemtheweﬂsmdbnﬁmhmmldewuﬂo
meV. This was reduced to 371 meV in structures 3 and 4, a reduction of » 110 meV. To
decrease the barrier height and maintain strain compensation in the structure, the strains in the
wells and barriers were different in structures 3 and 4 from what they were in structures 1 and 2.
Shmdaﬁonswuepufmnwduﬁnghsﬁp[%]minvsﬁgneﬂweﬁ'eaofsuﬁnonﬂnwﬁe
distribution. Fig3-5slwwsthevalawebmdsmdquasi-¥amilwdsforfandiﬂ'eausimlned
structures. The structures in the top row have barrier heights of 480 meV and the structures in
the bottom row have barrier heights of 371 meV. The structures in the left column have 08 %
compr&ssivelysn'ainedwellsanddxestmcmmhltbeﬁghtcolumnhaveI.O%comptwsively
strained wells. Comparing the left and right columns of Fig. 3-5 indicates that strain does not

have a large effect on carrier distribution while comparing the top and bottom rows of Fig. 3-5
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indicates that barrier height has a large effect on the camier distribution. Based on these

simtﬂaﬁommbdimﬁmﬁndnngeinmﬁndosmtmonglyaﬂ'eatbemdismbuﬁon

0.8 % 1.0 %

448 meV

] |

327 meV

\ ™~

Fig. 3-5 Valmocbmdsandquasi-Fuuﬁlcvdsforsuucumwithdiﬂ'aunmﬁnsand
barrier heights. The structures in the top row have barrier heights of 480 meV and
the structures in the bottom row have barrier heights of 371 meV. The structures
in the left column have 0.8 % compressively strained wells and the structures in the
rightoohmmlnvel.O%compruu’velysuninedweﬂ&

Iasingwavdengthatdusholdispbnedverwsavitylengthformm3and4inFig

3-6. Thetransitioncavitylmgthforstmcture3is=850uma.ndthetransitioncavitylengihfor

structure 4 is = 1000 um. The transition cavity lengths for structures 3 and 4 are much closer

togcthuthanthetransitioncavitylmgthsforstrumldequaliuﬁvdyindieatingamore

uniform carrier distribution. Using the experimentally determined TCLs and Eq. 3-1 and Eq. 3-2

we find for structure 3 and 4 g, = L18-g,,, . Decreasing the barrier height by 110 meV causes



thediﬂ'mhmsfordnﬂﬁckweﬂswhmﬂwymlowedontbep-sideversusthen-sideof

the active region to decrease from 108 % to just 18 % for 1.5 um InGaAsP/InP AMQW lasers.
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Fig. 3-6 Lasingwavdmgthattlmsiwldvmscavitylengthforstmcmru3and4.
ToanmnarizewehaveusedfmnAMQthersuuctursmdsinmlaﬁonstostudyﬂw

eﬁ'eaofbuﬁahdghtonthewﬁedisuihxﬁonmtheacﬁveregimofMQth& Two of
thesmwumdanonmdﬂmmemiadisuﬂmﬁmmﬂwacﬁvengimofaMQthu
is non-uniform. Carﬁasappeartobeloaﬁndnurthcp-sideofthewﬁveregion,preferenﬁaﬂy
pumping wells near the p-side. A similar pair of structures were grown with a 110 meV decrease
inbarrierheightandweobsewedthatthecarriudismbutionacrosstheactiveregionbeeame
more uniform. These results indicate that well position in the active region and barrier height are

important design parameters for MQW lasers.
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3.3.2 Numbers of QWs

In this section we examine the effect of the uneven carrier distribution on lasers with
different numbers of QWs. The non-uniform carrier distribution has previously been studied by
looking at the lasing wavelength at threshold for mirror image AMQW structures with nine [16]
and ten [21] QWs. In addition, Evans ef al [38] studied the spontaneous emission spectra of two
mirror image asymmetric AlGaAs structures with the same cavity length which had only two
QWs. They reported that at room temperature the carrier distribution across the active region

appeared to be uniform.

Four laser structures were grown at McMaster University using gas source molecular
beam epitaxy. Structures S through 8 are shown schematically in Fig. 3-7 and Fig. 3-8. Structure
5 contains a 100 A well and a 50 A well and structure 7 contains two 100 A wells followed by
two SO A wells. All the wells are 1 % compressively strained with composition
In.175GansAS 510P 190 and are separated by 0.57 % tensile strained 100 A barriers of composition
InsGansAsesPsss. The active regions of structures 6 and 8 are the mirror images of structures
S and 7 respectively. Ridge waveguide (RWG) devices were processed from each material
Ridge widths of 2, 3, 4, and 5 pm were made. Cavity lengths ranging from 500 to 3000 um + 10
um were tested. The devices were mounted and tested as described in chapter 2. Wavelength
data are the mean values for the lasers tested of each cavity length. All measurements were taken

at 23 °C.
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Fig. 3-7 ValeneebandawrgydiagrmfortheactiveregionofstrumSmdé.
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Fig. 3-8 Valence band energy diagram for the active region of structures 7 and 8.
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Fig. 3-9 Lasing wavelength at threshold versus cavity length for structures Sand 6.
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Fig. 3-10 Lasing wavelength at threshold versus cavity length for structures 7 and 8.



Here we list the magnitude of the ratio of net gains for wells on the p-side versus the n-
side of the active region by applying the analysis derived in section III to three mirror image pairs
of laser structures containing different numbers of QWs. Fig. 3-9 and 10 show the threshold
lasing wavelength of structures S - 8 as a function of cavity length. The sharp drops in lasing
wavdmgthwhhdmsingcavitylengthdemomﬁateﬂwtmﬁﬁmﬁomhsingonthelOOA
wells to the 50 A wells at threshold. The TCL is taken to be the midpoint of these sharp
transitions. The TCL for structure 5 is 1800 + 100 um, for structure 6 it is 2300 + 100 um, for
structure 7 it is 550 + 50 um and for structure 8 it is 950 + 50 um. Using Eq. 3-1 and Eq. 3-2 for
structures 5 and 6, g,., = 1278, ; for structures 7 and 8, g, =174-8,,, . In the previous
section we found that for structures 1 and 2, with ten QWS, g, =2.08-8,., . The difference in

the net gain of wells that are next to the p-side versus the n-side is substantial.

Structures 5 and 6 have only two QWs and yet the thick well has 27 % more gain when it
is located on the p-side of the active region than when it is located on the n-side of the active
region! The non-uniform carrier distribution affects the device performance of InGaAsP AMQW
lasers with only two QWs which demonstrates that the non-uniform carrier distribution is
important even to the design and understanding of MQW devices with small and simple active

regions.

The increase in the net gain of the thick wells when they are on the p-side versus the n-
side of the active region for structures 5 and 6 is 27 %, for structures 7 and 8 is 74 % and for
structures 1 and 2 is 108 %. Increasing the number of QWs from two to four to ten increases the
effect of the uneven carrier distribution. For four QWs the uneven carrier distribution already has

a very large effect on the net gain of the thick wells and for ten QWS the net gain is decreased by
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more than a factor of two when the thick wells are on the n-side of the active region. The
comparison of net gains for the thick wells in mirror image structures allows us to quantify the
degree to which the uneven carrier distribution affects devices. The results for the three mirror
image pairs of structures analyzed here demonstrate that the uneven carrier distribution has a
substantial effect on devices with as few as two QWs and the effect increases dramatically for
devices with four and ten QWs. These results indicate that an understanding of the uneven carrier
distribution is vital to the understanding of MQW lasers and the uneven carrier distribution needs

to be taken into account when analyzing devices.

In summary, this study has demonstrated that the degree to which the non-uniform carrier
distribution affects the net gain of the QWs increases with the number of QWs. The non-uniform
carrier distribution is shown to affect the performance of devices with as few as two QWs. Thus,
the non-uniform carrier distribution is important to the design and understanding not only of

AMQW lasers with many wells but also of simpler laser structures.

3.3.3 Quantum Barrier Thickness

In this section we study the effect of quantum barrier thickness on the distribution of
carriers among the wells in InGaAsP laser devices using the TCL method. The effect of barrier
thickness on device performance is not well understood. We experimentaily demonstrate the
degree to which quantum barrier thickness affects the carrier distribution and thus show the

importance of quantum barrier thickness as a design parameter when making MQW devices.
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Fig. 3-11 Valence band energy diagram for the active region of structures 9 and 10.
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Fig. 3-12 Valence band energy diagram for the active region of structures 11 and 12.
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Fig. 3-13 Lasing wavelength at threshold versus cavity length for structures 9 and 10.
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Structures 9 through 12 were grown for this study at McMaster University using gas
source molecular beam epitaxy and are shown schematically in Fig. 3-11 and Fig. 3-12.
Structures 10 and 12 are the mirror images of structures 9 and 11 respectively. Each structure
contains two 100 A wells and two 50 A wells of composition In 77sGa 22sAs s10P 190. Structures 9
and 10 have 50 A barriers and structures 11 and 12 have 30 A barriers. All barriers are of
composition In71sGansAs3esP ws. The wells are 1% compressively strained and the barriers are
0.57% tensile strained. Structures 9 and 11 have the 100 A wells on the p-side while structures
10 and 12 have the 100 A wells on the n-side of the active region. Structures 9 and 11 differ from
structure 7 only by the thickness of the barrier layers and structures 10 and 12 differ from
structure 8 only by the thickness of the barrier layers. Layer thicknesses and compositions are
estimated to be within + 3 A and + 1% of their target values respectively. Ridge waveguide
(RWG) devices of widths 2, 3, 4, and S um were processed from each material. Cavity lengths
ranging from 300 to 2000 um + 10 um were tested. Wavelength data are the mean values for the

lasers tested of each cavity length.

Fig. 3-13 and Fig. 3-14 show the wavelength at threshold versus cavity length for
structures 9 through 12. The sharp drop in the wavelength at threshold with decreasing cavity
length indicates the transition cavity length where operation at threshold switches from the 100 A
wells at longer cavity lengths to the 50 A wells at short cavity lengths. The TCLs for structures 7
and 8 were reported in the previous section. The TCL for structure 7 is 550 + 50 um and the
TCL for structure 8 is 950 + 50 ym. From Fig. 3-13 and Fig. 3-14 we see that the TCL for
structure 9 is 550 £ 50 um, the TCL for structure 10 is 650 + 50 um, the TCL for structure 11 is

< 600 pum, and the TCL for structure 12 is 650 + 50 um. Using the TCLs for structures 7 and 8
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witth.B-lanqu.3-2weﬁndﬂmforﬂ1emwith100Abmtiersthenetgainofﬁxe
thickwellswhentheyareonthep-sideofﬂlcactiveregionis74'/-largerthanthenetgainofthe
thickweﬂswbmﬂnyareonﬁ:en—sideofthcacﬁveregion(gﬁ=L74-§“). For structure 9
and 10 with 50 A barriers we find g, = 118§, i.¢., the net gain of the thick wells is 18 %
}ﬁgbawhentheymlocatedonthep-sideofﬁneacﬁveregionthmwhmtheyareonthen-sida
Themioofnetgainsforthethickwellsonthep-sideverwsthen-sideoftheactiveregioncould
not be found experimentally for the devices with 30 A barriers as the structure 11 devices did not
laseforuvitylmgthsshonenhanﬁoo;;mduetoabaddecnicllconuct. Decreasing the barrier
thickness from 100 A to 50 A decreases the effect of the uneven carrier distribution on the net
gain from 74 % to only 18 %. Thin barrier layers result in a substantially more uniform carrier
distribution. Thus,buﬁuthickn&slmldbereeogxﬁzedumhnponamd&gnpammufor

MQW laser design.

3.4 Conclusion
Wehavedwdopedmapuhnunﬂtechﬁque,mﬂedtheTmsiﬁmCavityImgth(rCL)
method, which employs mirror image AMQW lasers to quantify the degree to which the non-
uniform carrier distribution in MQW lasers affects the net gain of QWs at different positions in the
active region. Wehavepa‘fomwdﬂmesmdisusingtheTCLumhodhwolvingtwdvediﬂ'ermt
AMQW laser structures. The studies were designed to determine the effect of barrier height and
barrier thickness on the non-uniformity of the carrier distribution and the degree to which the non-
uniform carrier distribution affects devices with different numbers of QWs.
TheacﬁveregionsoftheAMQthsuucnmwehavesmdiedmsmumﬁzedin

Table 3-1. All active regions were embedded in the structure shown in Fig. 2-1 of chapter 2. The



banierheightinTable3-1isdeﬁnedasthetotaldiﬁ‘umbetwemthebandgapofthebarﬁer
and the band gap of the quantum well. Structure 13 is described in detail in Chapter 6 and was

designed as a broadly tunable device. The mirror image of structure 13 was not grown.

The experimentally determined TCL data for all 13 structures is summarized in Table 3-2
alongwiththeapeﬁmmuﬂydetunﬁnedratioofnetgainsforQWslocatedonthep-sidevcrsus
the n-side of the active region. The first important result to be taken from Table 3-2 is the
magnitudeofﬂteeﬂ'ectthewﬁadistn’buﬁonhasonthegainofwdlslocatedatdiﬂ'ermt
positions in the active region. Depending on the structure, wells located on the p-side of the
acﬁveregionhavebetweaxm%andl@%mgamdnnweﬂslocatedonthen-sideofthe
active region. These results clearly indicate that the carrier distribution can dramatically affect
device performance and hence should be taken into account when designing or understanding the
behaviour of MQW lasers. From Table 3-2 we can also discern several important trends. First,
the effect of the non-uniform carrier distribution on the net gain of a well when it is located on the
p-ﬁdevmthewﬁdeof&eacﬁwngimdeamdmmaﬁaﬂywi&deauﬁngbuﬁuhd@t
Structures 1 through 4 show that for a 10 QW laser with 480 meV barriers, a well located at the
p-sideoftheactiveregionhastwicethenetgainithaswbenitislowednthen-sideofthe
active region but for the same structure with 371 meV barriers the well only has 18 % more gain
when it is located on the p-side as opposed to the n-side of the active region. Barrier height has a
large effect on the non-uniformity of the carrier distribution and is an important design parameter
in this respect. Structures 7 through 10 demonstrate that decreasing the barrier thickness has a
similar effect on the carrier distribution as decreasing the barrier height. For structures 7 and 8
with 100 A barriers the gain of the wells when located on the p-side of the active region is 74 %

highathanwbenthewellsareonthen—sideoftheactiveregionwhileforstmcmm9and 10
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with 50 A barriers the gain of the wells when located on the p-side of the active region is only 18
% higher than when they are located on the n-side. Barrier thickness has a large effect on the

non-uniformity of the carrier distribution and is also an important design parameter in this respect.

Structure | Barrier | Bamner Well Barrier Thickness of wells in order
Thickness | Height x&y x&y from p-side to n-side
A | (meV) (A)
1 100 480 24 .78 24, 31 100 50 35 35 35 100 50 35 35 35
2 100 480 24, .78 .24, 31 35353550100 35353550100
3 100 371 23,.76 .23, .39 100 50 35 35 35 100 50 35 35 35
4 100 371 .23,.76 .23, .39 3535355010035353S 50100
5 100 495 .20, .81 .20, .31 100 50
6 100 495 .20, .81 .20, .31 50 100
7 100 495 .20, .81 .20, .31 100 100 50 50
8 100 495 .20, .81 .20, .31 50 50 100 100
9 50 495 .20, .81 .20, .31 100 100 S0 50
10 50 495 .20, .81 .20, .31 50 50 100 100
11 30 495 .20, .81 .20, .31 100 100 50 50
12 30 495 .20, .81 .20, .31 50 50 100 100
13 100 452 .18, .69 18, .24 3060 30603060

Table 3-1 Structural information on the active regions of all thirteen structures.

Structure Experimental TCL Experimental
+ 100 pm Buict /B
11’ 15155% 209
: 550 173
190 Z:g 118
2 ol NA
13 250 NA

Table 3-2 Experimental results of the TCL method for all thiteen AMQW laser structures.



4. CHAPTER 4 - THEORETICAL MODEL

4.1 Introduction

A great deal of theoretical work has been done modeling carrier transport in MQW lasers.
Two types of carrier transport models exist in the literature; Poisson/continuity equation solvers
and ambipolar rate equation models. Both types of carrier transport models predict a non-
uniform carrier distribution in MQW lasers and the non-uniform carrier distribution has been
studied using these models. Nagaragan and Bowers show the non-uniform carrier distribution
predicted by the two types of carrier transport models for an InGaAs/InP active region with ten
100 A QWs in chapter 3 of the text edited by Kapon [37]. The structure they simulate is similar
in material and dimensions to the devices we have studied. Nagarajan and Bowers show that the
two types of carrier transport models result in nearly identical non-uniform carrier distributions
[37).

The TCL method described in chapter 3 has provided the first quantitative experimental
data on the degree to which the non-uniform carrier distribution affects the net gain of QWs at
different locations in the active region. Prior to the advent of the TCL method no direct
experimental measure of the non-uniformity of the carrier distribution existed to test the validity
of the carrier distributions predicted by existing carrier transport models. The TCL method has
provided new experimental data on the degree of non-uniformity of the carrier distribution and its
dependencies with barrier thickness and barrier height. Existing carrier transport models are
capable of fitting our experimental result for the dependence of the non-uniformity of the carrier
distribution on barrier height but do not appear to be able fit our experimental data for the

dependence of the non-uniformity of the carrier distribution on barrier thickness. The
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experimentally observed dependence with barrier thickness appears to be too strong to be

explained using existing carrier transport models.

In this chapter an ambipolar rate equation mode! is described which is capable of
explaining the experimentally observed dependence of the non-uniform carrier distribution on
barrier thickness. The model accounts for the electric field produced by the p-i-n junction in
which the active region is embedded. The model is able to predict experimental resuits from
thirteen different AMQW laser structures including trends with varying barrier thickness and
height.

4.2 Physical Explanation of the Barrier Thickness Dependence

In this section a physical explanation of the experimentally observed dependence of the
non-uniform carrier distribution on quantum barrier thickness is given. First, existing carrier
transport models are examined. The physical processes which determine the non-uniform carrier
distribution predicted theoretically by carrier transport models are described and it is shown why
existing carrier transport models do not predict the experimentally observed barrier thickness
dependence. Next, we rule out quantum mechanical tunnefing as the explanation for the observed
barrier thickness dependence by showing that the penetration depth for holes is less than 10 A for
our structures. Finally, we show that if one assumes an electric field is present across the active
region then the resulting carrier distribution is capable of fitting the experimentally observed

barrier thickness dependence. An explanation for the origin of the electric field is also given.

Two types of carrier transport models exist in the literature; Poisson/continuity equation
solvers and ambipolar rate equation models. Nagarajan and Bowers [37] have shown that the two

types of carrier transport models result in nearly the same non-uniform carrier distribution. The



reasonforthemmofthecompanﬁvdysimplisticambipolarmodelisthediﬂ’erencein
mobilities between electrons and holes in InP materials. Electrons have a much higher mobility
tlmnholainln?basedmataialsmdhmeetheelectmmmrapidlymovetoeliminatechargc
separation between the electrons and holes. The electrons move to where the holes are and hence

the carrier distribution can be determined simply by finding the distribution of the holes.

Holes Electrons

e wipre—

I

Fig. 4-1 Schematic of a MQW active region used by existing carrier transport models. The
active region is assumed to be flat band. “Clouds” of holes are injected from the p-
side and electrons are injected from the n-side. The fact that the active region is
embedded in a p-i-n junction is ignored.

Carﬁaumsponmoddsbeginwhhadiagmmoftheacﬁveregionsimﬂutothadnwnh

Fig 4-1. The schematic of Fig. 4-1 assumes a heavily forward biased active region which results

in a flat band across the MQW active region. Electrons are injected into the active region from

the n-side and holes are injected into the active region from the p-side. In the ambipolar
approximation we need only look at the holes to determine the carrier distribution. The electrons
will move to take on the distribution determined by the holes. For the holes alone we have a text

book problem of steady state carrier injection. For an elementary treatment of this problem see



for example chapter 4, section 4.4.4 of Streetman’s text book [41]. A fixed density of holes is
injected at the p-side edge of the active region and these holes diffuse across the active region. As
they diffuse recombination occurs which results in an exponentially decaying carrier density across
the active region (assuming a uniform carrier lifetime throughout the material) given by [41],
p(x)=p, ;—:‘] Eq. 4-1
where p(x) is the hole concentration in the 3-D states of the separate confinement heterostructure
(SCH), barriers and QWs at a distance x from the p-side of the active region, p, is the hole
concentration at the p-side edge of the active region and L, is the diffusion length for holes in the
material. Note that the carrier density described here is that of the 3-D states above the barriers
and wells. The steady state density of carriers captured in the 2-D states of the QWs is
determined by a rate equation which balances spontaneous and stimulated recombination and
thermionic escape processes with stimulated absorption, and carrier capture processes. The
carrier capture rate is determined directly by the carrier density in the 3-D states above the QW
(see chapter S for a detailed discussion). The diffusion length, L,, is given by,

L, =JD,t, »16x lO‘z‘ﬁ: [meters], Eq. 4-2
where D, is the diffusion constant for the active region material and t, is the recombination
lifetime in the material.

The recombination rate in the barrier material is relatively small and the diffusion length
for holes in the barrier material is roughly 5 to 10 um. The carrier lifetime at a QW is much
smaller due to the high recombination rate in the QW. Thus the hole concentration in the 3-D
states will decrease slowly with distance from the p-side of the active region across the SCH and

barrier material but will experience sharp drops at the QWs. The bottom curve of Fig. 4-2 is an



example hole distribution in the 3-D states predicted using Eq. 4-1 and Eq. 4-2. The QW active
region used in Fig. 4-2 is that of structure 7. The hole concentration decreases slowly with
distance from the p-side of the active region across the SCH and barrier material. A diffusion
lengthofsumh\theSCHandbarﬁu’matuialwasusedtogmeratethebottommofFig.4—2.
The carrier distribution drops sharply at each QW due to the higher recombination rate in the QW
and hence shorter carrier lifetime in the 3-D states of the QW material. For the bottom curve of
Fig4-2wehaveassumedthatthedeviceisbelowﬁtruholdsotluttherecombinaﬁonlifetimefor
holes in the 2-D states of the QWs is equal to the spontaneous emission lifetime of 1 ns. Under
these conditions the carrier capture time for holes in the 3-D states to move to the 2-D states (< 1
ps) is much faster than the recombination time. Therefore the rate at which carriers are taken
from the 3-D states above 8 QW is determined by the rate at which carriers within the QW are
recombining, i.e., under steady state conditions the rate at which carriers are captured into the
QW must balance the rate at which carriers are depleted from the QW due to recombination. For
aspontaneousrecombimtionlifetimeoflnsandtypialanierdensitiesintheZ-Dstataofthe
QWS on the order of 1 x 10 * m™ the diffusion length for holes in the 3-D states of a QW is on
the order of 0.1 um. A diffusion length of 0.1 um was used for the QW material in the bottom

curve of Fig. 4-2.

The bottom curve of Fig. 4-2 is an example of the carrier distribution in the 3-D states
predicted by existing carrier transport models. The carrier density decreases slowly with distance
from the p-side of the active region due to recombination in the SCH and barriers and then drops
sharply at each QW. The sharp drops at the QWs, due to the large amount of recombination in

the QWs, are the physical origin of the non-uniform carrier distribution predicted by existing
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carrier transport models. These sharp drops at the QWs are responsible for the carrier

distribution presented by Nagarajan and Bowers [37].

Barriar and QW Recomb.
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Fig. 4-2 Carrier density in the 3-D state of the SCH, barriers, and QW as a function of
distance for structure 7 predicted using different theoretical models. The
distribution incorporating recombination in the barriers and QWs is that predicted
by existing carrier transport models. The “Field” distribution was used to fit our
experimental TCL data.

As can be seen in Fig. 4-2, the carrier distribution predicted by existing carrier transport
models has very little dependence on the barrier thickness. The recombination rate in the barriers
is small and does not strongly affect the carrier distribution. Nagarajan and Bowers make no
mention of the barrier thickness in [37] as the barrier thickness does not affect their theoretical
results. Our experimental results obtained using the TCL method demonstrate a strong
dependence of the non-uniform carrier distribution on barrier thickness. Existing carrier transport

models do not appear to explain this experimental resuit.



Usingthe'l‘CLmethodwelnvealsosmdiedtheeﬂ'ectofbarrierheightonthenon-
uniform carrier distribution and we have found experimentally that the carrier distribution
becomes more uniform with decreasing barrier height. [Existing carrier transport models do
predidamouunifomarﬁadi@ﬁonwhhdeauﬁngbaﬁahdghmdmaphintlﬁs
experimental result. Carrier transport models account for carriers escaping from QWs via
thermionic emission and being captured by neighbouring wells resulting in a more uniform carrier
distribution. Thermionic emission is strongly dependent on barrier height and so smaller barrier
heights result in more uniform carrier distributions. As was shown in chapter 3 Lastip {40], a
commercially available Poisson/continuity equation solver, did predict a more uniform carrier
distribution with decreasing barrier height (see chapter 3 Fig. 3-5). Lastip did not however
predict the experimentally observed dependence with barrier thickness.

The experimentally observed barrier thickness dependence does not appear to be predicted
bye)dstingcarriertransportmoddsandsowehaveattemptedtoﬁndaphysialexplanationfor
this result. Oneposs'blea(phmﬁonforﬂlebaﬁerdﬁcmupendeneeisthasomtypeof
chargeumsfaodstsbawemﬁwQWswlﬁchmﬂuhumonmﬁfommﬁadismbuﬁonm
grows stronger the closer the QWs are together. Such a transfer cannot be explained classically
but could be due to quantum mechanical tunneling. The penetration depth (distance at which the

wavefunction drops to 1/e of its value at the edge of the QW) is given by [1],

h

o 0D’ B4

where m’ is the effective mass, U is the barrier height of the QW and E is the energy of the
particle in the well. For the QWs in structures 5 through 12 the penetration depth for holes in the

valence band QWs is 5.78 A and the penetration depth for electrons in the conduction band QWs
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is 27.8 A. For barriers as thin as 30 A such as those used in structures 11 and 12 significant
electron tunneling can occur between the wells. This increase in ease of electron transport
between wells will improve the validity of the ambipolar model. The hole penetration depth of
roughly6umistoosunﬂfortha'embesigniﬁcammmelingofholathmughbaniersasthickas
30 A or 50 A Thusquanmwnndingbetweenthewdlsmmotuplaintheobsaved

dependence of the non-uniform carrier distribution on barrier thickness.

‘I'hedecreaseinholeconcanntioninthe3-Dstatuwithdisuneeﬁ'omthep-sideofthe
active region predicted by Poisson/continuity equation solvers and ambipolar models (bottom
curveofFig4-2)isduetothcrecombinationofcaniusintheSCH,bam'erandQWmaterial.
Holuareinjectedﬁ'omthep-sideoftheactiveregionanddiffuseaa'ossthcactiveregiou The
concentration of holes decreases with distance from the p-side edge of the active region as holes
are lost to recombination. A second possible physical mechanism exists which will also result in
theholeconcamationdeausingwithdistmeﬁ'omﬂwp-sideedgeofdteactiveregion. If an
dectricﬁddisprmhd\eacﬁveregionmdwlﬁchopposuthediﬁhsionofﬂwholu,thenthe
bolewncenmﬁonwﬂldeausewithdimﬁomthep-ddeedgeoftbewﬁvemgionu
diffusing holes are turned back by the electric field [42]. The diffusion current in an electric field
isdscribedbyBoltznmstaﬁsﬁaandﬂncarﬁadmsityhthe&DMintheprmeofm

electricﬁeldisaﬁmctionofdistmceﬁ'omthep-sideoftheactiveregionmdisgivmby,

-qV
p(x)=p, “p[_‘_lk_T(x_)] Eq. 4-4

wherep(x)istheholeconcentrationinthe3-Dstataabovethebaxﬁersandwellsatadimncex
from the p-side of the active region, Pe is the hole concentration at the p-side edge of the active

region,qistheelectrmliccharge,kisBoltzmann’sconstam,Tisthetunpenmre,de(x)isthe
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electric potential at a point x due to the electric field. The existence of a small electric field can
have a strong effect on the carrier distribution. An electric field of magnitude 1 x 10° V/icm has a
similar effect on the carrier distribution as a diffusion length due to recombination of 0.1 pum as
was used for the QW material in Fig. 4-2. The “field” distribution shown in Fig. 4-2 was used to
fit our experimental data with barrier thickness. The field causing the distribution shown in Fig.
4-2 is small but still results in large drops in the carrier density across the barriers unlike
recombination in the barriers. In this chapter we describe a simple ambipolar rate equation model
which assumes the existence of a small electric field across the MQW active region and
determines the carrier distribution resulting from such a field. The model is able to fit the
experimentally observed barrier thickness dependence of the non-uniform carrier distribution to
within experimental uncertainty. Furthermore, the simple model we have developed is capable of
ﬁtﬁngﬂwexpaimmﬂlrmhsofaﬂthﬁtemAMQthsﬂumamhavegmwnmdtmed
to within experimental uncertainty.
TheecpaimundTCLdataontbemn-unifomwﬁadism'buﬁmcanbeﬁtbymnnhg
an electric field exists across the active region. I'll now discuss the physical origin of the electric
fiddd. A conventional MQW laser is a p-i-n junction diode. In particular our devices are P*-n-N"
heterostructure devices. Any p-i-n junction device has transition regions where large electric
fields exist at the edges of the intrinsic region (p-i and i-n junctions). Most carrier transport
modelsintheliteratureignorethep—iandi-njunctionsandasmmethattbep-iandi—nunnsiﬁon
regions are small compared with the width of the intrinsic region [36,37,43]. For convenience I
will call this the flat band assumption. In the flat band assumption the QWs are located in the
middle of the neutral intrinsic region and carriers are injected from the edges of the active region

across the p-i and i-n junctions. To my knowledge, all existing ambipolar models make the flat
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band approximation. Most Poisson/continuity equation solvers appear to make the flat band
approximation. Poisson/continuity equation solvers are, in principle, capable of calculating the
eﬂ‘easofthep-iandi-njumctionshowevermostareofthetypcdsm‘bedbyTsslerand
Eisenstein[36]w!ﬁchusaﬂwﬂabandassnnpﬁonandmmhjecﬁonatﬁnedgaofthe
acﬁvemgionuabomdarywndiﬁmmhaﬁmnpmpeﬂysowingtheeﬁ'easoftheﬁmdin
junctions.
Theﬂatbandasmmptionappwstodatebacktothe19SOswhenhuvilyforwardbiased
p-i-n junction theory was first being developed [44,45]. In early work the flat band assumption
was made for devices with intrinsic regions tens of microns wide. The transition region widths for
thwedcvicswereontheorderofo.lumsothattheﬂatbandassmnptionwascuuinlyvalid.
For MQW diode lasers the transition width can vary from a few hundred angstroms to a few
thousand angstroms depending on the doping concentrations of the p and n materials and the
background doping of the intrinsic material. The extent of the transition region is also dependent
onmaeﬁdpanmetusmchasbmdgapanddidemicwnsum,theedstmofhetao-
interfaces, and the bias voltage required to reach threshold. The intrinsic region in MQW lasers is
typianyonlyafewmousandmgmowossmdhencedwasampﬁondmmatheﬂmdbn
transitionregionsaresmallcomparedwiththewidthoftheintrinsicregionmayormynotbe
valid depending on the specifics of the p-i-n junction MQW device. It does not appear as though
the flat band assumption is valid for our devices. The P’-n transition region appears to extend
into the MQW active region of our devices and the resulting electric field accounts for the

experimentally observed dependence on barrier thickness.



4.3 Theoretical Model

In this section the theoretical model used to fit the experimental TCL data presented in
chapter 3 is described. The model is an ambipolar rate equation model which incorporates an
electric field into the pumping mechanism. The electric field due to the transition regions at the
P*-n and n-N" junctions is calculated using the depletion approximation and the carrier density in
the 3-D states across the active region resulting from this field is calculated. The current into
eachQWisdetermhledthroughcarriercapmreofthewﬁetsinthe3-Dm0fthW. Rate
equations for each QW are solved which balance the carrier capture current with carrier escape
through thermionic emission and carrier recombination through spontaneous and stimulated
emission. The rate equations determine the carrier densities in each well which are then used to
determine the gain profile for the complete MQW active region. The gain peak wavelength at
threshold is plotted as a function of cavity length to determine theoretical TCL data which is then

compared to the experimental TCL data provided in chapter 3.

43.1 Calculation of Material Parameters and Gain

Vergard's interpolation [46] was used to determine the hydrostatic deformation potential
(a), the shear deformation potential (b), the elastic stiffness constants (C), the effective masses
of the conduction and valence bands and the hole mobility. The binary material parameters used
in the Vergard interpolation formula were taken from [46]. The hydrostatic deformation potential
for the conduction and valence band were taken to be a. = (2/3)a and a, = a/3 [46]. The energy
gap for the quaternary material was calculated using Nahory’s formula [46] for unstrained
material and Kuphal’s formula [46] for strained material. Strain was accounted for by shifting the

barrier and well conduction and valence bands according to the relations in [47). The conduction



band and valence band finite quantum well energy levels were calculated numerically and the
transition energies were determined. Transition energies were calculated for all the confined
energy levels but it was found that for n > 1 transitions the transition energies were too high to
contribute to the region of the spectrum we are concerned with. Hence, all gain calculations were
done for the n = 1 transition alone.

The material gain of a quantum well was calculated for a given carrier density in the

following way. First the quasi-Fermi levels were calculated for the given carrier density using

E, =E, +KkTln[e™*==7 - 1), Eq. 4-5

E,, =0-KTin{e™=+7 -1). Eq. 4-6

Next the beginning and end energies of the transition were calculated as [47]

E; =E: + (m/m)(hv-Ey), Eq. 4-7
Ei =E. - (m/mXhv-E), Eq.4-8
E;-Ei=hy, Eq. 4-9

and the quasi-Fermi functions and density of states were calculated from

1
F = B BT 10 Eq. 4-10

1
F, = B EmAT Eq. 4-11

p(hv) =0 hv <E,

m, : Eq. 4-12
p(ho) =233~ | ho 2E,

The material gain was calculated using [48],
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gou ) = 225 fe-p [ -0 -(F. - E). Bq 413
__™’h
°* " ncem’’ Eq.4-14

|e-p,,,|2 isthemomanummuixmdl:isthcovuhphuegnlofﬁwconducﬁonandvdme

band envelope functions. The terms C,-ll:r -|e-p,,r were calculated for our structures using a
commercially available laser simulator [40]. The material gain was convolved with a Lorentzian
lineshape function given by [48],

hlm!
(n/<.) +(E-E,)""
and t, was taken to be 0.1 ps [49].

L= Eq. 4-15

'l'hemodalgainforaquameeﬂwasthmcalaﬂatedbymulﬁplyingtheMeﬁalg:inby
the optical overlap, I'.. I'x was calculated by evaluating the overlap integral between the area of
the quantum well and the optical mode. The optical mode was caiculated using the effective
index method [S0]. I';,wasfoundtobeproportionaltothethicklmsoftheQWaso(pected

Finally,thetotalgainofdlelasermtakentobethesmnofthemodalgaimofudlwdl.

4.3.2 Rate Equation Model

The carrier densities in each well were determined using a rate equation model. Under
steadystateconditionstherateofwﬁersmtuingeachwellmustequaldwmeatwhicbarﬁers
are depleted from the well. Our rate equation for each well incorporated a direct pumping current
into the well, an indirect pumping current into the well, an escape current out of the well, a
recombination current due to stimulated emission, a recombination current due to spontaneous

emission, and optical pumping of a well by the optical field produced by the other wells. The
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direct pumping, indirect pumping and escape currents are described in the following two
subsections. The spontaneous emission rate was assumed to be proportional to the population of
the well and a spontaneous emission lifetime of 1 ns was assumed. The stimulated emission rate
was calculated using the gain curve as was the stimulated absorption current which accounts for
optical pumping from the other wells. The carrier densities in all the wells were solved for seif
consistently and once the carrier densities of each well were known a gain spectrum for the device
was calculated. The peak gain of the device was then equated to the laser threshold condition to
determine the lasing wavelength at threshold for the device. Lasing wavelength at threshold was

then plotted versus cavity length to determine the theoretical TCL for the structure.

4.3.3 Electrical Pumping Model
In this section we describe the model used to determine the electrical pump current going

into the wells of our AMQW lasers.

The voitage profiles across the P*-n-N" junctions of our devices are calculated in the
depletion approximation in the manner described by Chuang in chapter 2 of his text book [51].
The calculated voltage profile for structure 7 is plotted for holes in Fig. 4-3 for bias voltages of 0
V and 1.15 V. According to our model our devices reach threshold near 1.15 V bias. The
voltage profiles were calculated according to [51] using P* = 2 x 10° m® and N* = 1 x 10* m"®,
as was grown, and assuming an n-type background doping of 5 x 10 m* in the intrinsic region,
which is typical for intrinsic quaternary material grown with our MBE facility. Fig. 4-3
demonstrates that, for our structures, the QWs lie at the edge of the transition region of the P*-n

junction resulting in a small but non-negligible field across the QW region. The voitage profile at
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a bias of 1.15 V, shown in Fig. 4-3, resulted in carrier distributions which fit our experimentally

observed barrier thickness dependence to within experimental uncertainty.
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Fig 4-3 Calculated valence band energy profile across the active region.
If the wells fie in the junction transition region then we know, from established p-n

junction theory, that the current pumping the wells is dominated by the diffusion current. The
diffusion current is described by classical Boltzmann statistics [42). The holes in the p-doped
region are diffusing around and a certain number, which is proportional to the doping of the p-
side N,, approach the junction each second. Most of this current is turned back by the potential
barrier qV at the junction and only the fraction ¢*“*" overcome the barrier. As is shown in Fig

4-4, there is a barrier qV; between the p-side and the first well and qV; between the p-side and



the second well. Boltzmann statistics tells us that the population in the 3-D states (energies above
the barriers) at any point, x, in the active region is given by Pyp(x) = N,e™*™*T. The population

in the 3-D states of a well is then,

pro - ﬁz._( VAT 4 VetV RT) Eq.4.16
where w is the index of the well from the p-side of the active region and V and AV, are defined
explicitly for the first two wells in Fig. 4-4. We have assumed that the field is linear across the
well for the purpose of taking the average population. This assumption is reasonable for distances
as small as the well thicknesses. The carriers above the well are captured into the well at a rate
described by the carrier capture time such that the current into a well, called the direct pumping
current, lg, is given by,

_ QAL P>°

. Eq. 4-17

dis
cap
A is the cross sectional area of the device, L, is the well thickness, and . is the hole capture
time.

In chapter 5 we describe the relation between carrier capture and escape rates. Using the
equilibtiumconditionweﬁndthattheaapeammnofaQW(ﬁ'omtheZ-Deonﬁnedsmu

into the 3-D unconfined states) is given by (see chapter 5),

_GALPp [NepNewp [ Eigre ~Ee = Eﬂr]
e = VNN kT ' Eq.4-18

cap

whereq,A,L.,andtg,arethesameaswmusedintheh—,equatiomkisBohmann’sconstant,

Tistemperature,l’zpisthepopulationdmsityofthewell,andN..paretheeﬂ'ectivedensitiesof
states for the 2-D and 3-D states of the conduction band and valence band QWs (see chapter S for

a complete derivation). Eiasie i defined in Fig. 4-4 and for the valence band in InGaAsP is 0.6 of



the difference in band gaps between the barrier and well material. Eiewi is the energy of the QW
energy level above the bottom of the well. Eg. is the quasi-Fermi energy for the well and accounts
for the fact that as the well fills the carriers will be in higher energy states and not have as high a
barrier to overcome when escaping the well.

The escape current from one well can pump the other wells in the active region. Again we
assume that the pumping of wells is dominated by diffusion currents. The escape current from a
well will increase the carrier densities above the other wells in the active region and hence
increase the pumping to those wells. This additional pumping current is called the indirect

pumping current, liati.

Evarrier
00

well 1

Fig. 4-4 Schematic showing the potential barrier across the active region that the hole
diffusion current must overcome to pump the quantum wells.



4.4 Modeling Results

In this section the major successes of the model described in the previous section are
discussed. The model predicts the existence of the TCL in AMQW lasers and provides a physical
understanding of the origin of the TCL. The carrier distribution predicted by the model has a
strong dependence on barrier thickness due to the existence of the electric field and the model is
able to fit our experimental barrier thickness data to within experimental uncertainty; a result that
could not be obtained using existing carrier transport models. The model is not only capable of
predicting the experimentally observed barrier thickness dependence but is capable of fitting, to
within experimental uncertainty, the experimental data taken from all thirteen AMQW laser

structures we have studied experimentally.

4.4.1 Origin of the TCL

Using the gain model described above we can explain the physical origin of the TCL in
AMOQW lasers. Fig. 4-5 shows the material gain versus wavelength as a function of carrier
density for structure 7 assuming a uniform carrier distribution so each well has the same carrier
density. The thick wells reach transparency at lower carrier densities than the thin wells due to
the well known Bemard-Duraffourg condition which states that in a bipolar semiconductor laser
gain is provided to photons with energies (ho) that are greater than the band gap and smaller than
the difference in conduction band and valence band quasi-Fermi levels or stated mathematically

[48],

E,'<ho <E.-E,

where E;’ is the energy gap between the n = 1 energy levels in the conduction band and valence
band QWs and Eg and Eg are the quasi-Fermi levels for the conduction band and valence band



QWs. Thick wells have a lower transition energies than thin wells meaning E,’ is smaller for thick
wells so thick wells provide gain for a smaller separation of quasi-Fermi levels (smaller carrier
densities) than thin wells. In general, QWs with smaller transition energies (longer wavelengths)
will provide gain for lower carrier densities than QWs with higher transition energies. Thus at
low carrier densities the gain peak is at wavelengths corresponding to the thick wells. At higher
carrier densities the thin wells also reach transparency. The thick wells continue to provide more
gain than the thin wells. However, the thick wells also provide gain at wavelengths corresponding
to the gain peak waveiength of the thin wells. For high enough carrier densities the sum of the
gain from the thin and thick wells at the wavelength corresponding to the gain peak of the thin
wells overtakes the gain of the thick wells at the gain peak of the thick wells. Devices with long
cavity lengths reach threshold at low carrier densities when the total gain peak corresponds to the
gain peak of the thick wells. Devices with short cavity lengths require higher carrier densities to
reach threshold and at high carrier densities the total gain peak is at a wavelength corresponding
to the gain peak of the thin wells. Fig. 4-6 shows the lasing wavelength at threshold versus cavity
length for structure 7 again assuming a uniform carrier distribution (i.c., the same carrier density
in each well). One can see that in an AMQW laser there exists a TCL above which the laser
initially reaches threshold on the thick wells and below which the device initially reaches threshold
on the thin wells. If the carrier distribution is assumed to be uniform, as was done in this
simulation, then the mirror image structure, structure 8, has precisely the same TCL as structure
7. The experimental observation that the TCL is different for mirror image AMQW structures
demonstrates that the carrier distribution is not uniform. The TCL is a general property of

AMQW lasers and is not an artifact of the non-uniform carrier distribution. The difference in
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TCLs between mirror image AMQW laser structures is, however, due to the non-uniform carrier

distribution.
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Gain curves for AMQW devices assuming a uniform carrier density amongst all the
QWs. Gain curves for carrier densities of 1.5 x 10 m®, 2.25 x 10 * m® and 3.0
x 10 % m are shown. The bottom graph shows the gain curves of the individual
100 A and 50 A wells at all three carrier densities while the top graph shows the
sum of the individual gain curves at each carrier density. The sum of the gain
curves due to the individual wells gives the total gain for the AMQW laser.
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Fig. 4-6 Theoretical plot of wavelength of operation at threshold versus cavity length for
structure 7 assuming a uniform carrier density in all the QWs.

4.4.2 Barrier Thickness Dependence

Our electric field, ambipolar rate equation model was developed to explain the large
dependence of the non-uniformity of the carrier distribution on quantum barrier thickness.
Theoretical plots of the wavelength at threshold versus cavity length for structures 7 through 10
are shown in Fig. 4-7. These theoretical plots can be compared to Fig. 3-10 and Fig. 3-13 of
chapter 3 which show the experimentally determined curves. The fitting procedure is described in
the next section and the parameters used to fit structures 7 through 10 are given in Table 4-1.
TCLs of 950 um and 550 pum for structures 7 and 8 respectively and of 650 um and 550 um for

structures 9 and 10 were obtained using the model. The theoretical results match the

experimentally measured results to within experimental uncertainty. The quality of the fit



demonstrates that our electric field mode! accurately describes the barrier thickness dependence of

the carrier distribution in MQW lasers.
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Fig. 4-7 Theoretically calculated plots of lasing wavelength at threshold versus cavity
length for structures 7 - 10. The dashed fines are for the structures with 50 A
barriers and the solid lines are for the structures with 100 A barriers.

4.4.3 Fit to All Thirteen Laser Structures

The measured and theoretically predicted TCLs for all 13 structures are presented in Table
4-1. Table 4-1 demonstrates that the theoretically predicted TCLs match those measured
experimentally to within the experimental uncertainty. Two fitting parameters were used to fit the

data: the quantum well carrier capture time, Tcp, and the loss per unit length, o

A quantum well capture time of 60 psec was used to fit all the experimental data. This is
consistent with theoretical capture times reported in the literature [49] but is substantially larger

than the currently accepted hole capture time of =~ 0.25 ps which has been determined
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experimentally for InGaAs/InP quantum wells {37]. 1 believe the carrier capture time in my model
islargebeauseitiscompmﬁngforﬂwuseofﬂwdepleﬁonappm:dnmionwhencalculatingthe
field across the junction. The field across the active region which fits the barrier thickness data
will be obtained for a smaller applied bias than is predicted by the depletion approximation. As a
result the necessary field will exist when there are higher carrier densities in the 3-D states across
the active region. This means that to reach threshold when the necessary field exists the carrier
capture time will have to be smaller than is predicted by my model. To determine the field
correctly one must write a Poisson/continuity equation solver which caiculates the fields in the
transition region while accounting for the fields from the carriers in the transition region. Our
group is in the process of writing such a solver. The simple depletion approximation can be used
to determine the electric fields in the transition region as long is one is willing to compensate for
the approximation by using a large carrier capture time in the model. One could just as well use
the accepted carrier capture time of 0.25 ps in the model and add a fudge factor to the depletion

approximation field calculation to compensate for the approximation.

Structure | Experimental TCL | Theoretical TCL a
+ 100 um (um) ") | Buct /Baia
1 550 550 1300 2.09
2 1150 1050 2025 ’
3 850 850 1175
1.18 1.29
4 1000 1100 1175
5 1800 1700 97S
6 2300 2400 975 1.28 141
7 550 550 1400
8 950 950 1400 113 1B
9 550 550 1200
10 650 650 1200 118 118
11 < 600 550 1200
12 650 650 1200 N/A 118
13 s 250 250 1000 N/A N/A

Table 4-1 Experimental and theoretical TCL data and fitting parameters.



a is tabulated along with the theoretical TCLs in Table 4-1. a was kept nominally the
samefoxallmimrhnagemm(e(ceptone)wﬂntﬂlediﬁ'ermeebetwemTCI:fornﬁmr
hmgesuummprediaedanirdybyﬁwphysialpanmamhthemoddwchula. We
were not, however, able to fit structure 2 using the same a as structure 1. a was 725 m™ higher
for structure 2 than for structure 1. Measured threshold current densities for structure 2 were
foundtobe,onavmge,miceashighasforstmcmrelindiutingthataisinfactlargerfor
structure 2 than for structure 1. Structure 1 and 2 were processed at different times while all
otherpairsofmirrotimagestmcmmwerepromedsimuluneously. Differences in the

pmcassingwndiﬁomcouldeasﬂyaocoumforthediﬁ‘aeanabetwemsUum land 2.

4.5 Conclusion

In chapter 3 we described the TCL method which has provided the first quantitative
experimental data on the degree to which the non-uniform carrier distribution affects the gain of
QW at different locations in the active region. The TCL method was used to quantitatively study
theeﬁ’eaofquannnnbmﬁahdgmmwcbmonthemmnﬁ'omﬁtyofthemrﬁa
distribution. We found experimentally that decreasing the barrier height results in a more uniform
arﬁadism’buﬁonanddeausingthebaﬁathickn&mhshamomuniformarﬁa
distribution. The dependence with barrier height is predicted by existing carrier transport models
and is the result of increased thermionic emission from wells with smaller barrier heights. The
dependence of the non-uniform carrier distribution on barrier thickness does not appear to be

predicted by existing carrier transport models.

We have developed a simple ambipolar rate equation model which incorporates the effects

of an electric field across the MQW active region when determining the electrical pump current



into each well. The field appears to be the result of the P-n junction transition region extending
into the MQW active region. The model predicts the experimentally observed dependence on
quantum barrier thickness. The model is also capable of fitting all the experimental TCL results

pmentedinchapteﬂtowithichpaimemaluncenainty.



5. CHAPTER S - CARRIER CAPTURE AND ESCAPE

5.1 Introduction

Three different approaches to modeling carrier capture and carrier escape for a QW are
reported in the literature. AllapproachutrwtheQWsintheconductionbmdandvalenoeband
as 2 level systems. For the conduction band QW the electrons can be in the 2-D confined states
oftheQWortheycanbeinthe?a-DunconﬁnedstatuoftheQW,lﬁghetinme:gythanthe
barriers as depicted in Fig. 5-1. Similarly for the valence band QW the holes can either be in the
2.D confined states or the 3-D unconfined states. Carrier transport models assume that there is
an interaction between the 2-D and 3-D states in the conduction band and valence band QWs such
that the rate at which carriers move from the 3-D states to the 2-D states, called the carrier

capture rate, Rey, i$ given for electrons in the conduction band by,

Vi,
R, = Eq. 5-1

cp

whaenmisthemmba'ofdearomintheunconﬁnedlcvdsperunitvolumc,t,,isa
phenomenological term describing the strength of the interaction between the 2-D and 3-D states
called the capture time, and V is the volume of the interaction region which will be discussed in
the following paragraph. Similarly, the rate at which carriers move from the 2-D states to the 3-D

states, called the carrier escape rate, Re, is given for electrons in the conduction band by,

_ Vn,,

Ro=—"%. Eq 5-2

where np is the number of electrons in the 2-D confined levels per unit volume, and T is 2

phenomenological parameter called the escape time.
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Fig. 5-1 The conduction band and valence band QWs as two state systems.

Inthelitqature,diﬂ‘erentmodelsusediﬁ‘erunvaluaforthevohnneoftheirnmction
region, V, in Eq. 5-1 and Eq. 5-2. In the next section the equilibrium condition is used to develop
a relation between the carrier capture and escape times. The analysis is independent of the choice
of the interaction region volume as long as the carrier capture and carrier escape interaction
volumes are equal. We assume the interaction volumes for carrier capture and escape are equal as
is done in carrier transport models in the literature. It is however possible that the volumes are
different. The volume of 3-D states interacting with the 2-D states of the QW could be larger
than the volume of the QW. This will not, however, significantly affect the analysis presented in
this chapter. If the volume of the 3-D states is different from the volume of 2-D states then a
ratio of the two volumes will appear in the relation between the capture and escape times and a
weighted average of the effective densities of states for the 3-D states in the QW and the 3-D
states in the barrier material must be used. For our analysis we assume that the volumes are the
same and we assume that the interaction volume is equal to the volume of the QW, V = AL,,
where A is the cross sectional area of the QW and L, is the thickness of the QW. As will be

discussed later in this chapter, we have found that the L, dependence of the interaction volume is



required to fit our experimental data for AMQW structures. The volume of the 2-D states can be
determined by finding the width of the wavefunction for the holes or electrons in the energy levels
of the QW. As discussed in Chapter 4, for our structures the wavefuntions for the holes extended
with significant amplitude only 7 angstroms into the barriers so that, to an excellent

approximation, the volume of the 2-D states for a QW is the volume of the QW.

There are three different approaches in the literature to modeling camer capture and
escape for a QW. The first and by far most popular approach is to assume that the carrier capture
and carrier escape times are independent. In these models experimentally determined values for
the carrier capture and carrier escape times are often used. In other models of this type [37,52]
an experimentally determined value for the capture time is used while the carrier escape time
predicted by classical thermionic emission theory is used [53].

The second approach in the literature [54, 55] states that the capture and escape times

must be related in order to satisfy the equilibrium condition when the device is at equilibrium (i.e.,

no applied bias). Tessler ez. al. [54] expressed this condition for electrons in the conduction band

as,
N M3p ~ 0p
R_-R_ =—"=,
cp  Nex T Eq. 5-3
F
n

nm =-nzTD$ Eq. 5'4

D

where Resp, Resx, Mip, Top, and Teap are as defined above and nfxp and nfsp are the carrier densities in
the 2-D and 3-D states when the device is at equilibrium. Ishikawa et. al. [S5] expressed the

“equilibrium at equilibrium” condition for electrons in the conduction band as,



Eq. 5-5

e )

N
where Ef is the equilibrium Fermi level, k is Boltzmann’s constant, T is temperature, and E,. is the
barrier height of the conduction band QW measured from the energy of the first quantized level to

the energy of the barrier.

The third approach in the literature assumes that the 2-D and 3-D carrier densities are in
equilibrium when the device itself is under bias and away from equilibrium. Stated another way,
the 2-D and 3-D states have the same quasi-Fermi level. The equilibrium under bias approach is

expressed by Tessler et. al. [36] for electrons in the conduction band as,

Nyp = Nelyps Eq. 5-6
_ Jpus (). (E.E,, THE
*~ [pup B, (E.E,, TIE’

where pap and pesp are the densities of states for the 2-D and 3-D states in the conduction band,

Eq. 5-7

f. is the Fermi function, and Eg is the conduction band quasi-Fermi level for a device under bias.
The “equilibrium under bias™ approach rests on the assumption that the carrier capture and escape
times are much faster than the other processes affecting the carrier densities in the 2-D and 3-D
states such as optical recombination across the band gap. The capture time has been found
experimentally to be less than 1 ps for holes in InP/InGaAs QWs, which is much faster than the
spontaneous emission lifetime in a QW. Below threshold spontaneous emission will be the
dominant recombination process. Thus, the assumption of equilibrium carrier densities in the 2-D
and 3-D states seems to be valid at least below threshold. An interesting point is that the carrier
densities in the different sub-bands of a QW (n=1, 2, ...) are always assumed to be in equilibrium,

having a single quasi-Fermi level. The assumption that the carrier densities in the sub-bands of a

91



QW are in equilibrium under bias is similar to the assumption that the 2-D and 3-D states of a QW
are in equilibrium under bias.

Of the three approaches to treating carrier capture and escape in the literature the first is
by far the most common but is physically incorrect. Models using the first approach do not satisfy
the equilibrium condition at equilibrium. When a QW device is at equilibrium and without an

applied bias, models using the first approach allow net current flow into or out of the QWs.

We have used the second approach in our model. In the next section we use the second
approach to derive a relation between the carrier capture and escape times which must be true for
the equilibrium condition to be satisfied at equilibrium. The relation we derive is physically
equivalent to the condition presented by Tessler et. al. [54] (Eq. 5-3 and Eq. 5-4) but unlike Eq.
5-3 and Eq. 5-4 we present an analytic mathematical relation between the carrier capture and
escape times which is easy to implement and displays the critical dependencies of the carrier
capture and escape times. The relation we derive is similar to Ishikawa’s [55] relation (Eq. 5-5)
but includes the effects of the different densities of states of the 2-D and 3-D states. In the
following sections we show that the well thickness dependence of our model is critical when
fitting data taken from AMQW lasers with different thickness QWs in the same active region. It
is also shown that the capture time predicted by classical thermionic emission theory has a QW

thickness dependence that cannot fit our experimental data.

5.2 Semiconductor Quantum Wells in Thermal Equilibrium
The rates at which carriers enter and leave a quantum well, given by Eq. 5-1 and Eq. 5-2,
must balance each other when the device is at equilibrium. In this section we examine a QW

device at equilibrium (no applied bias) and use the equilibrium condition to determine a relation



betwemthecapmemdscapeﬁmsﬂmmbemfaﬂwQWdevicetosaﬁsfythe

equilibrium condition. The entire analysis is done at equilibrium.

Aswemworkingaequﬂibﬁumwecanmakescvadémpﬁfyhgapproxinnﬁonsmchu
the use of effective densities of states and an approximated Fermi function. The analysis can

mﬂybemrﬁedomﬂhomMgmchappmﬁnmﬁommdardaﬁonbetwemtheunia
capture and escape times found. The result without approximations for the electrons in the
conduction band is,

_[pan®XEXME

= [pup (EX(EXE o
where pip and pap are the densities of states for the 3-D and 2-D states in the conduction band,

Eq. 5-8

f(E) is the Fermi function, and Ex is the equilibrium Fermi level. While perfectly correct, Eq. 5-8
is relatively difficult to implement and determining dependencies on parameters such as barrier
height must be done numerically. At equilibrium the effective density of states and approximate
Fermi function used in our analysis are excellent approximations [41] and allow us to obtain a
simplified result which is easy to implement and displays the key physical dependencies.

A QW in a p-n junction device at equilibrium is depicted in Fig. 5-2. We have selected the
locationoftheQWsuchtImapointe:dstswithintheQtheretheilminsicFemﬂlevelofthe}
D states crosses the Fermi level (i.e., Eap = Ey) as shown in Fig. 5-2. For the mathematical
analysiscarriedoutinthissectionwewillworkatthepointwhereEap=E|=asitredumtbe
complexity of the mathematical derivation. The arbitrary selection of this point for the analysis in
nowayaﬁ'ectstheresult,whichisequallyvalidforaQWatanypoimintbcactiveregion,but

reduces the mathematical terms that must be carried through the analysis. Fig. 5-2 shows the



energy band diagram for the point in the active region at which Eap = E¢. The following relations

are obtained graphically from Fig. 5-2,

Eso Euo
Egp-Ee= .23 = '22 -E,, Eq. 59
Esn Eap
Ep-Ee= ~|:——2 - —'22 - Eh]. Eq. 5-10

Egp is the energy gap between the 3-D, unconfined states in the conduction band and the valence
band. Egp is the energy gap between the n = 1 energy level in the conduction band and the n = 1
energy level in the valence band. The 3-D unconfined states in the conduction band and valence
band are separated by an energy gap Egp and the 2-D, n = 1 energy level states in the conduction
and valence band are separated by an energy gap Epn. Eic and E,. are the separation in energy
between the n = 1 energy level and the 3-D unconfined states for the conduction and valence
bands respectively and are the barrier energies that electrons and holes at the band edge must
overcome to escape the 2-D states of the QW. Egp is the intrinsic Fermi level for the 2-D
confined states and E;p is the intrinsic Fermi level for the 3-D unconfined states. Eizp and Egp are
assumed to be in the middle of the E,;p and Egp energy gaps respectively and the small offset due
to the difference in density of states between the conduction band and valence band is ignored
[41].

We are examining a device at equilibrium. At equilibrium the Fermi level will lie several
kT below the conduction band edge and we may simplify our analysis by using the concept of the

effective density of states. The effective density of states is defined as [41],

n= [ fEPENE= N 1(E,), Eq. 5-11
where n is the carrier density in the conduction band, fE) is the Fermi function, p(E) is the

density of states for the conduction band, and N. is the effective density of states for the
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conduction band. The effective densities of states for the confined 2-D states and 3-D unconfined
states are derived in Appendix II. As we are at equilibrium (E.-Ef) >> kT so that the Fermi

function f{E) can be approximated with [41],

"E,-E
F(E) ~ expl —= ] Eq. 5-12

.

where k is Boltzmann’s constant and T is the temperature.

Energy 4

At the point x:
CB.
Ebc
7'y n=1
Eoo?l  Egol
Eop Y
Eisp=Er X 1 ¥ Ecp - Er)
Eep/2
Y -
Epn/2 Y n=1
Epv
V.B.

Fig. 5-2 Schematic defining the energy variables used in my analysis.
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Nowwemlploysomewenhownrdaﬁonsforthecarﬁerconcenu'ationsha
semiconductor at equilibrium [41]. Using the selection of Eap = Er we can write the electron and

hole carrier densities in the 3-D states at equilibrium [41],

N5 = P3p = Nisp = YN Nuao “’[‘ET';;] Eq. 5-13
where nsp is the electron density in the 3-D unconfined states of the conduction band, pp is the
hole density in the 3-D unconfined states of the valence band, nap is the intrinsic carrier density,
and Nup and Nup are the effective densities of states for the 3-D unconfined states in the
conduction band and valence band respectively and are derived in Appendix II. Egp, k, and T are

defined above. For the 2-D confined states the intrinsic carrier density is given by [41],

[ E.ZD
Rjp = c2pNvzp €XP ‘Ef , Eq. 5-14

where np is the intrinsic carrier density, N and Nyzp are the effective densities of states for the
n=1, 2-D confined states of the conduction band and valence band respectively and are derived
in Appendix II, Egp, k, and T are defined above. The electron and hole equilibrium carner

densities in the 2-D confined states are given by [41],

E; - E;
nZD = niZD kT 2 ’ Eq. 5-15

E,,-E
P = nizoe‘V[ u;d- F]- Eq. 5-16
Eq. 5-13, Eq. 5-15, and Eq. 5-16 give the conduction band and valence band carrier
concentrations in the 2-D and 3-D states at equilibrium. Eq. 5-1 and Eq. 5-2 give us the rates into
and out of the conduction band and valence band QWs. At equilibrium the carrier densities must

remain at their equilibrium values and hence the rates into the QWs must equal the rates out of the

QWs (Rap = Re). Equating the capture and escape rates (Eq. 5-1 and Eq. 5-2) and using the



populations at equilibrium (Eq. 5-13, Eq. 5-15, and Eq. 5-16) as well as Eq. 5-9 and Eq. 5-10,

gives, for the conduction band QW,
E E E... -E., —-2E
_ a3 m—'— _ s _ s3D 32D be
AL': aDNVJD exp{ Zk ] _ AL- cZDNvm CX{ ZkT ]u{ 2k-r ]
T - To. ’

Eq. 5-17

which reduces to,

€ _ oF NcZDszD up[&c_]
T = T _——N.-.vam T | Eq. 5-18

Similarly, for the valence band QW,

v _ .Y Ne!Dszb —E_hr]
e "“’J NooNowo “PLKT £a. 19

Eq. 5-18 and Eq. 5-19 give relationships between the capture and escape times for the conduction

and valence band QWs which must be true for the equilibrium condition to be satisfied when the
device is at equilibrium. The above relationships between the capture times and escape times for
the conduction band and valence band QWs are valuable tools for the analysis of experimental and
theoretical capture and escape times. For example, if an experiment measures the capture time of
electronsintoaQWonecanstimatethempetimeorifatheoretialmethodisdevelopedfor

calculating the escape time from a QW then the capture time can be calculated.

Eq. 5-18 and Eq. 5-19 allow us to write the capture and escape rates for the conduction

and valence band QWs in terms of the capture times. For the conduction band QW,

c AL-“;D
R =% Eq. 5-20
cap
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and for the valence band QW,
. _AL.p
Rﬂ’ = 72 > Eq' 5-22
cap
AL.pp [NopNop ap[_ B_u] Eq. 5-23
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5.3 Implications of the Equilibrium Condition

In the previous section we used the equilibrium condition to develop a relationship
between the capture and escape times for a semiconductor QW. Eq. 5-18 and Eq. 5-19 are
powerful because they allow one to determine the escape time if the capture time is known or the
capture time if the escape time is known. In this section we examine the implications of Eq. 5-18

and Eq. 5-19.

Carrier capture times have been found experimentally for InGaAs/InP QWs to be = 0.25
ps for holes and = 1 ps for electrons [37]. For Table 5-1 we took the difference in band gap
between the barrier and well material to be Eg - Egw = 0.4 ¢V. We also approximated the valence
and conduction band QW barrier heights to be Ei, = 0.6(Ew - Eqw) and Ei. = 0.4(Ep - Ey),
ignoring the fact that the barrier height is decreased because the n = 1 energy level does not lie at
the band edge of the QW. The escape times for electrons and holes calculated using Eq. 5-18 and
Eq. 5-19 for capture times of 0.25 ps for holes and 1 ps for electrons are 100 to 1000 times the
magnitude of the respective capture times. The predicted escape times are of the same order of
magnitude as values typically found in the literature such as those predicted by thermionic

emission theory which are also displayed in Table 5-1. Note also that the predicted escape times



have the same exponential dependence with barrier height (exp[Ew/kT]) as escape times typically
used in the literature [37].

In the previous paragraph we used Eq. 5-18 and Eq. 5-19 to determine escape times from
experimentally determined values for the carrier capture time. Eq. 5-18 and Eq. 5-19 are also
useful in theoretical modeling because a theoretically determined carrier capture time will also
provide, through Eq. 5-18 and Eq. 5-19, a theoretical carrier escape time and vice versa.
Classical thermionic emission theory has been used to determine a theoretical carrier escape time
from a QW [53]. Using Eq. 5-18 and Eq. 5-19 a theoretical capture time can be determined from
the theoretical thermionic emission escape time. Classical thermionic emission theory was first
applied to QWs by Schneider and Klitzing [53]. They determined the thermionic emission current
out of the well over the QW barriers to the left and to the right and then used the equivalent of
Eq. 5-2 to determine a thermionic emission escape time to the left and to the right. Schneider and

Klitzing found [53],

* Y2
2 E,
= L,[—%‘—] exp[—ﬁ‘] Eq. 5-24

where m’ is the effective mass, E,; is the barrier height to the left or right of the QW, and L., k
and T are as defined in the previous section. If nearly equal barrier heights to the left and right are
assumed then the results of Schneider and Klitzing can be rewritten using the same variables as
the analysis we presented in the previous section. The escape time and escape rate for the valence

band QW derived from thermionic emission theory are,

b Lo [27m, 17 [E,,

Te 'T[ kT ] “p[kr]’ Eq. 5-25
» kT 1° E,,

R bemone ZAPm[z_] exp[—ﬁ] Eq. 5-26



Eq. 5-19canbeusedtodaanﬁneaarﬁacapnmﬁtmﬁmwsﬁatheequih’bﬁumwndiﬁm
for the escape time predicted by thermionic emission theory. The capture time and capture rate

required to satisfy equilibrium using thermionic emission theory are, for the valence band QW,
thermcnic _ l-_-_[__z’““v ]m NepNoip Eq. 5-27
T T2 KT | VNN '
v2
kT ’N N
thermsonic _ ¢2D " “v2D N 5.28
R upm[zmv] NoNyp =

Calculated capture and escape times for the conduction and valence band QWs predicted

by thermionic emission theory in conjunction with the equilibrium condition are displayed in Table
5-1. The predicted capture time for holes agrees at least in order of magnitude with
experimentally measured values for the hole capture time [37). The predicted capture time for
electrons is much shorter than experimentally determined values for the electron carrier capture
time [37). Thermionic emission theory does not appear to account properly for the difference in

carrier capture between electrons and holes.

150 A 100A 50A 25A

Experimental Tesp 0.25 ps 0.25 ps 0.25ps 0.25ps
T T 0.62ns 0.93 ns 1.9ns 3.7ns
Experimental Tap 1.0ps 1.0ps 1.0 ps 1.0ps
Yo T 0.11ns 0.17ns 0.34 ns 0.68 ns
Thermionic Teap 0.72 ps 0.32ps 0.079 ps 0.02ps
Emission o 1.78 ns 119 ns 0.59 ns 0.30 ns
Thermionic Teap 0.27 ps 0.12ps 0.03 ps 74fs
Emission T 31ps 20 ps 10 ps 5.0 ps

Table 5-1 Experimentally measured carrier capture times [37] and corresponding escape
times calculated using Eq. 5-18 and Eq. 5-19 as well as carrier capture and escape
times predicted using thermionic emission theory in conjunction with Eq. 5-18 and
Eq. 5-19.
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The carrier capture and escape times predicted using thermionic emission theory have very
different dependencies on QW thickness from those obtained by using experimentally determined
carrier capture times and calculating the carrier escape times using Eq. 5-18 and Eq. 5-19. Ifone
us&smecxpeﬁmentallydaummedvalusfmthewﬁampmﬁmemmthearﬁuapme
rate, given by Eq. 5-20 for electrons and Eq. 5-22 for holes, is proportional to the QW thickness,

L., so that thinner QWs are pumped at a slower rate than thicker QWs. The capture rate

predicted using thermionic emission theory is proportional to ’%—‘m—:'& which is proportional

30N v3D

to 1/L.. The thermionic emission model predicts that thinner QWs are pumped at a faster rate
than thicker QWs. To fit experimental data taken from AMQW lasers with QWs of different
thicknesses within the same active region it is necessary to have the correct dependencies with
QW thickness. Eq. 5-22 and Eq. 5-23 were used in the model described in Chapter 4 to fit
experimental data taken from 13 different AMQW lasers structures. The gain spectrum at
threshold for structure 1 lasers with cavity lengths of 550 um predicted using the carrier capture
and escape rates given by Eq. 5-22 and Eq. 5-23 is plotted in Fig. 5-3. The gain spectrum for the
same device with the same applied bias predicted using the carrier capture and escape rates
predicted by thermionic emission theory (Eq. 5-26 and Eq. 5-28) is also plotted in Fig. 5-3. Eq.
5-22 and Eq. 5-23 predict nearly equal contributions from the 100 A and 50 A QWs with no
contribution from the 35 A QWs as was observed experimentally. Thermionic emission theory
predicts that the gain spectrum will be dominated by the 35 A QWs. The capture rate determined
using thermionic emission theory predicts that thin QWs are pumped more strongly than was
observed experimentally. It was not possible to fit our experimental data taken from AMQW

structures using the carrier capture and escape rates predicted by thermionic emission theory.
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Fig. 5-3 Theoretical plot of the gain spectra at threshold for a 600 um cavity length
structure 1 device using the model described in chapter 4 with experimentally
measured carrier capture times and escape times predicted using Eq. 5-18 and Eq.
5-19. The gain spectra predicted using the capture and escape times predicted
using thermionic emission theory for the same structure, cavity length, and apphed
bias is plotted for comparison.

5.4 Conclusion

The theoretical approach used to treat the processes of carrier capture and escape from a

QW in the model presented in Chapter 4 have been described. We use a non-equilibrium model,

meaning we do not require the carrier densities in the 2-D and 3-D states of the QWs to be in

equilibrium while the device is under bias. Our model does however require that the equilibrium
condition be satisfied when the device is not under bias and at equilibrium. This requirement is
not satisﬁedbymostmodelsinthcliteramremwﬁngthatthwemodclspredictnctamentﬂow

into or out of the QWs when the device is not under bias - an unphysical situation. 1 have
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developed analytic relations between the carrier capture and escape rates which are easy to

implement in a theoretical model.
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6. CHAPTER 6 - BROADLY TUNABLE AMQW LASERS

6.1 Introduction

AMQW lasers were introduced in chapter 1 and some reasons for studying them were
mentioned. AMQW lasers are useful for studying the physics taking place in the active region of
lasersastheymnbeusedtoprobetheactiveregionasaﬁmcﬁonofdistanceandtosmdy
dependencies on parameters such as QW thickness. The majority of this thesis has been devoted
to the implementation of an experimental technique which employs AMQW lasers to study the
physics taking place in the active region of MQW lasers. AMQW lasers are also of interest
because they may be suitable to a large number of applications. In this chapter we discuss one

such application: broadly tunable lasers.

In chapter 1 I defined AMQW devices with QWs of varying thickness as dimensionally
asymmetric MQW devices and AMQW devices with QWs of varying composition as
compositionally asymmetric MQW devices. The QWs of different thickness and/or composition
generally emit at different wavelengths which makes AMQW devices suitable for applications
such as spectrally broad SLDs and broadly tunable lasers. Dimensionally AMQW lasers in
external cavity configurations have been shown experimentally and theoretically to exhibit broad
wavelength tuning ranges [13,15,17,24].

AMQW lasers can, if designed properly, exhibit broad spectral tuning ranges more than
twice as large as conventional MQW lasers. In this chapter it is shown experimentally and
theoretically that AMQW lasers only exhibit broad wavelength tuning ranges near the transition
cavity length. The transition cavity length is a critical design parameter for engineering broadly

tunable AMQW lasers.
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6.2 Broadly Tunable AMQW Lasers

Our original interest in AMQW lasers was to create a broadly tunable laser source for the
purpose of trace liquid detection [56]. Structure 13 shown in Fig. 6-1 was the first AMQW laser
structure grown at McMaster University and was designed by Xiang Zhu to detect liquids near
1.4 um. Structure 13 is described in detail in [17). Dr. Zhu obtained a 118 nm tuning range using
a Littrow configuration external cavity to tune a 250 um cavity length uncoated structure 13
device [17). Dr. Zhu was also able to tune a 500 um cavity length structure 13 device over an 80

nm tuning range [17].

30A

60 A

Fig. 6-1 Schematic of the active region of structure 13.

Gingrich et al. [13] reported an InGaAs/AlGaAs AMQW laser with three quantum wells
having thicknesses of 80 A, 60 A and 45 A in a Littrow configuration external cavity. A 155 um
cavity length device with one AR coated facet and one angled facet was tuned over an 80 nm
wavelength range and a 287 pm cavity length device with an AR coated facet was tuned over a

somewhat smaller range (= 66 nm). Krauss et al. [15] were able to wavelength tune a 600 pum
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cavity length AR coated GaAs/AlGaAs AMQW laser with one 100 A, two 50 A and four 25 A
quantum wells over an 85 nm range using a grating external cavity. Lee et al. [18] reported a
tilted stripe AMQW laser amplifier consisting of two InGaAs quantum wells 40 A and 75 A thick
which was wavelength tuned using a grating coupled ring external cavity. They obtained tuning

ranges of 90, 70, and 48 nm for 400, 700, and 1000 pum cavity lengths respectively.

6.3 Cavity Length Dependence

Prior to the investigation of AMQW devices as broadly tunable lasers researchers
produced broadly tunable lasers by accessing contributions to the gain spectrum from the n =1
and n = 2 transitions in the same QW [57,58]. For convenience we will dub broadly tunable lasers
which rely on n = 1 and n = 2 transitions in the same QW as dual quantized state (DQS) devices.
Mehuys et al. [57] described the design criteria for broadly tunable DQS lasers. To achieve broad
tuning ranges the cavity length/loss must be adjusted to attain nearly equal contributions to the
gain peak from the n = 1 and n = 2 transitions [57]. If the cavity length is too long the n = 1
transition dominates and the n = 2 transition does not contribute significantly. For long cavity
lengths, wavelength tuning ranges are those typically reported for standard QW lasers and are on
the order of 45 nm for uncoated devices tuned using grating external cavities [S9]. Mehuys ef al
[57] found that if the cavity length is too short the n = 2 transition dominates the gain curve and
the tuning range is limited to near the n = 2 peak (a roughly 20 nm range). But when the cavity
length was optimised to obtain nearly equal contributions from then=1and n =2 transitions
Mehuys et al. [57] achieved a 105 nm tuning range which is approximately double the tuning
range that has been reported for uncoated devices operating on the n = 1 transition alone. Using

an optimised AR coated DQS laser Tabuchi and Ishikawa [58] achieved a 240 nm tuning range.
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Other authors have claimed without proof or argument that the optimisation of cavity
length/loss required to achieve a broad tuning range in DQS lasers is not required for AMQW
lasers [15,18). Krauss, Hondromitros, Vogele and De La Rue [15] stated that AMQW lasers
“should be very much less dependent on the choice of cavity length™ than DQS lasers but only
tested their devices at a single cavity length. Lee and Lin (18] reported three substantially
different tuning ranges for the same AMQW structure with three different cavity lengths and
stated that unlike DQS lasers “no particular device length is required”. In this chapter we
demonstrate experimentally and theoretically that optimisation of cavity length/loss is required to

achieve a broad wavelength tuning range with AMQW lasers.

The behaviour of AMQW lasers with varying cavity length/loss is strikingly similar to
DQS lasers. The gain peak is broad and flat near a specific cavity length/loss but is narrow and
sharply peaked for other cavity lengths/losses. In this chapter we show experimentally, using the
same technique as Mehuys et al. [S7], that the breadth of the tuning range is strongly dependent
on cavity length. This dependence with cavity length is explained physically using a previously
developed gain model for AMQW lasers [30].

We have previously reported a phenomenon called the transition cavity length in AMQW
lasers [21,22,25,30]. AMQW lasers with two different thickness wells in the active region initially
reach threshold on the thick wells in the active region for long cavity lengths and initially reach
threshold on the thin wells for short cavity lengths. This behaviour has been experimentally
observed in thirteen different AMQW laser structures [30] and therefore is thought to be a general
property of AMQW lasers. We have defined the transition cavity length (TCL) to be the cavity

length above which AMQW lasers initially reach threshold on the thick wells and below which
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they initially reach threshold on the thin wells [21]. The TCL marks the onset of lasing on the thin
wells which is analogous to what Mehuys ef al. [57] described as the “onset of second quantised

state lasing” for DQS lasers.
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Fig. 6-2 Theoretical Gain curves for structure 13 assuming a uniform carrier distribution
amongst all the QWs. Gain curves for three different carrier densities are shown.

In chapter 4 we developed a gain model for AMQW lasers and used it to explain the
physical origin of the TCL in AMQW lasers. Calculated modal gain curves for structure 13 (see
Fig. 6-1) are shown in Fig. 6-2 for three different carrier densities. For illustration, a uniform
carrier distribution (equal carrier densities in all the QWs) is assumed for Fig. 6-2. As explained
in chapter 4, the result of the Bernard-Durafourg condition is that the thick wells (low energy

transition) reach transparency at lower carrier densities than the thin wells (high energy
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transition). Fig. 6-2 demonstrates that for low carrier densities the gain peak is entirely due to the
thick wells as the thin wells have not yet reached transparency. As the carrier density increases
the thin wells reach transparency and contribute to the gain peak. At a particular carrier density
thegainp&ksoftheﬁﬁckmdthhlwdlsmequalandﬂletonlgainmeisbmadmdﬂat We
define this carrier density to be the transition carrier density (TCD). At higher carrier densities
the gain peak of the thin wells is higher than that of the thick wells and the gain drops off sharply
on both sides of the gain peak of the thin wells. Fig. 6-2 demonstrates that the gain spectrum is

only broad and flat near the transition carrier density.

The peak gain at threshold and hence the carrier density at threshold are determined by the

cavity loss and the cavity length according to the laser threshold condition,

R,R,e*0e™ = =] Eq. 6-1
where gy is the peak gain at threshold, R, and R; are the power reflectances of the facets, a is the

loss per unit length, and L. is the cavity length. If the facet reflectances and o remain constant
then the peak gain at threshold and the threshold carrier density are determined by the cavity
length. Devices with long cavity lengths have more gain matesial available to overcome the
mirror losses than devices with short cavity lengths. Thus, for longer cavity lengths gq is smaller
and the threshold carrier density is smaller than for shorter cavity lengths. The TCL is the cavity
length at which the threshold carrier density is the transition carrier density. The gain peak is only
broad and flat near the TCL.

The experimental method described by Mehuys et al. [57] was used to study the tuning
range of structures 1 and 13 at various cavity lengths. The uncoated Fabry-Perot lasers were

mounted active region up on a copper heat sink and the temperature was stabilized using a

thermoelectric cooler. All the devices were operated under cw conditions and all work was done
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at 23 °C. The wavelength was tuned using an external cavitywhichconsistedofa600line/m
ruled grating (blaze angle of 22.01° at 1.25 um, E43746, Edmund Scientific) and a molded

aspheric lens (3501 10-C, THORLABS, N.A. = 0.40) in the Littrow configuration.
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Fig. 6-3 Measured single longimdinalmodetlnaboldamauvmwavdmgthfor
structure 13 devices cleaved to cavity lengths of 500 um and 250 pm.

Fig. 6-3 shows the measured threshold current versus grating-selected wavelength across
the tuning range for structure 13 devices cleaved to 500 pm and 250 pm cavity lengths. The 250
pm cavity length device was tuned over a 103 nm tuning range from 1.317 um to 1.420 pm and
the S00 um cavity length device was tuned over a 55 nm tuning range from 1.364 pm to 1.419

um. The tuning range is substantially larger for the 250 um device than for the 500 um device. A
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conventional MQW laser operating near 1.4 pm with five QWs all of the same thickness was

tuned over a 45 nm wavelength range using the same external cavity [59].
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Fig 6-4 Calculated gain curves at threshold for structure 13 devices with 500 um and 250
um cavity lengths.

Fig. 6-4 shows calculated gain curves at laser threshold for structure 13 devices with
cavity lengths of 500 um and 250 um. For these calculations the carrier densities in the wells
were not assumed to be equal but were calculated according to the model described in chapter 4
to account for the non-uniform carrier distribution. Our model predicted the TCL for structure
13 to be approximately 250 um. The TCL for structure 13 was determined experimentally to be

300 + 100 um by plotting lasing wavelength at threshold versus cavity length as shown in Fig.
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6-5. At 250 um the gain curve is broad and flat owing to nearly equal gain peaks from the thick
and thin wells which results in a broad tuning range more than double that of a conventional laser.
At 500 um, which is far above the TCL, the thin wells do not contribute significantly to the gain
curve and the tuning range is extended only =10 nm beyond that of a conventional laser. Fig. 6-3
and Fig. 6-4 demonstrate that the tuning ranges of AMQW lasers with cavity lengths far from the
TCL are roughly equal to those obtained using a conventional MQW laser with all the wells of the
same thickness. Only near the TCL where equal contributions to the gain curve are seen from the
different thickness wells does one see a substantially broadened wavelength tuning range. Thus,

the cavity length is of critical importance when designing and implementing broadly tunable

AMQW lasers.
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Fig. 6-5 Experimentally measured wavelength at threshold versus cavity length for
structure 13.

As stated earlier the calculated gain curves only account for the n = 1 conduction band to
heavy hole band transitions in the QWs. The conduction band to light hole band transitions are

ignored because all of the devices discussed in this paper are compressively strained. It is possible
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that the extended tuning range for the 250 um cavity length device shown in Fig. 6-3 is due to
contributions from the n = 1 and n = 2 transitions in the 60 A wells and not the n = 1 transitions in
the 60 A and 30 A wells. This possibility can be ruled out by examining the transition
wavelengths for the n = 1 and n = 2 transitions in the wells. For structure 13 the n = 2 energy
level is not confined in the conduction band of the 60 A QWs which eliminates the possibility that
the extended tuning range observed in Fig. 6-3 is due to contributions from the n = 2 transition n
the 60 A QWs. For structure 1 the n = 2 transition in the 100 A QWs is more than 25 nm shorter
in wavelength than the n = 1 transition in the 35 A QWs and hence the n = 1 and n = 2 transitions
are easily distinguished. Wavelengths corresponding to the n = 2 transitions have not been

observed in any of the AMQW devices we have studied.

6.4 Behaviour in an External Cavity

For DQS lasers, Mehuys et al. [57] recommended that the cavity length be slightly shorter
than the cavity length at which lasing began on the n = 2 transition which is analogous to cavity
lengths slightly shorter than the TCL for AMQW lasers. They found that for cavity lengths
slightly longer than the cavity length at which lasing began on the n = 2 transition it was not
possible to attain single mode operation across the entire tuning range. We have also found
experimentally that for AMQW lasers with cavity lengths slightly longer than the TCL it is not
possible to achieve single mode operation over the entire tuning range. To achieve single mode
tuning over the entire broad flat gain peak it appears to be optimal to cleave devices to cavity

lengths slightly shorter than the TCL.

A 600 um cavity length structure 1 laser was tested in an external cavity to demonstrate

the behaviour of devices with cavity lengths marginally longer than the TCL in external cavities.
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At 70 mA a single mode (i.c., side mode suppression ratio greater than 20 dB) tuning range of 45
nm from 1.558 um to 1.513 um was attained. Lasing at the gain peak was suppressed over this
entire tuning range. This is consistent with conventional MQW lasers tested using the same
external cavity [S9]. At 70 mA only the 100 A well is contributing to the gain and so the tuning
range is what one would expect for a conventional MQW laser where all the quantum wells are of
the same thickness. At 130 mA laser operation was attained over a nearly 100 nm range from
1.560 um to 1.461 um, however a side mode suppression ratio greater than 100 was not obtained
over the entire range because lasing at the gain peaks could not be suppressed as is described
below. At 130 mA the 600 um cavity length lasers have gain from both the 100 A and 50 A wells
resulting in operation over a wavelength range that is roughly double that of a conventional MQW

laser in which all the quantum wells are the same thickness.

At 70 mA the external cavity laser operated single mode at the selected wavelength and
lasing at the gain peak of the 100 A wells was suppressed. At 120 mA the external cavity laser
operated single mode with the gain peak lasing suppressed while it was being tuned across
wavelengths corresponding to the 100 A wells. However, when the external cavity was used to
select wavelengths at or shorter than the wavelength of the 50 A wells (= 1.48 um), the lasing at
the gain peak of the 100 A wells could not be suppressed. For a solitary laser (i.., no external
cavity) at 150 mA, the SO A wells have reached threshold and lase simultaneously with the 100 A
wells. With the external cavity and a current of 150 mA, while the external cavity was being
tuned across the wavelength range associated with the 100 A wells, lasing at the gain peak of the
100 A wells was suppressed; however, lasing on the gain peak of the 50 A wells could not be

suppressed. Conversely, when the selected wavelength was set to a wavelength associated with
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the 50 A wells, lasing on the gain peak of the S0 A wells was suppressed but lasing at the gain

peak of the 100 A wells continued.

6.5 Contributions From More Than Two Transition Energies

Wavelength tuning ranges of more than 100 nm have been demonstrated for uncoated
dimensionally AMQW lasers with QWs of two different thicknesses which is more than double
the tuning ranges achieved with conventional uncoated MQW lasers. There are several possible
ways to extend the tuning range. One way to extend the tuning range is to put wells of more than
two different thicknesses in the structure and attempt to get contributions to the gain curve from
more than two transition energies. The TCL plays a critical role in attaining contributions to the

wavelength tuning range from several different transitions in the same laser.
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Fig. 6-6 Calculated gain curves at threshold for structure 1 devices with 550 um and 270
um cavity lengths.
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Structure 1 (see Fig. 2-2) has wells of three different thicknesses. The calculated gain
curves at threshold for structure 1 are shown in Fig. 6-6 for cavity lengths of 550 um and 270
um. From Fig. 6-6 we see that structure 1 has two transition cavity lengths. 550 um is the TCL
for the 100 A and 50 A wells. For cavity lengths longer than 550 um structure 1 lasers initially
reach threshold on the 100 A wells and for cavity lengths shorter than 550 um they initially reach
threshold on the 50 A wells. 270 pm is the TCL for the S0 A and 35 A wells. For cavity lengths
longer than 270 um and shorter than 550 pm structure 1 lasers initially reach threshold on the 50
A wells and for cavity lengths shorter than 270 pum they initially reach threshold on the 35 A
wells. In general, AMQW structures with N different transition energies will have N - 1 transition
cavity lengths. The wavelength tuning range was measured for a cavity length of 600 um and was
found to extend from 1.461 um to 1.560 um; a span of nearly 100 nm. The tuning range indicates
contributions from the 100 A wells and 50 A wells but no contribution from the 35 A wells. Near
550 um the gain corresponding to the 35 A wells is too weak to contribute to the tuning range
and near 270 pum the gain peak corresponding to the 100 A wells is too weak to contribute to the
tuning range. It does not appear to be possible to tune over all three gain peaks of structure 1

with a single cavity length uncoated laser.

To obtain contributions to the tuning range from N different transition energies, all N - 1
TCLs must be approximately equal. If all N -1 TCLs are approximately equal then for cavity
lengths near the TCLs the gain curve at threshold will have N nearly equal peaks and the device
should be wavelength tunable over all N peaks. It is possible to design AMQW lasers with
multiple transition energies such that all the TCLs are equal. QW thickness, strain, the number of

QWs of each transition energy [22] and the position of QWs in the active region [21,22,25] all
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affect the TCL and can be used to engineer a structure with N transition energies to have N - 1
nearly equal TCLs. As an example we have re-engineered structure 1 by altering the thicknesses,
numbers, and locations of the QWs in the active region to produce structure A shown in Fig. 6-7
(hypothetical structures will be denoted by letters; numbers are reserved for structures that were
grown and tested). The theoretical gain curve at threshold for structure A at a cavity length of

600 um is shown in Fig. 6-8. The hypothetical structure A should be tunable over all three gain

peaks at a cavity length near 600 um.
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Fig. 6-7 Schematic of the hypothetical structure A.
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Fig. 6-8 Calculated gain curve at threshold for a 600 um cavity length hypothetical device
with fourteen 40 A QWs, two 50 A QWSs, and two 100 A QWs.
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6.6 Compositionally AMQW Lasers

In the previous section we discussed the importance of making the N-1 TCLs
approximately equal in order to attain contributions to the tuning range from N different energy
transitions. The gain curve of structure A shown in Fig. 6-8 demonstrates that it is possible to
attain contributions to the tuning range from wells of three different thicknesses at a single cavity
length. However, fourteen 40 A wells were required to make the two TCLs equal in structure A.
The dependence of the quasi-Fermi levels on well width results in thin wells producing less gain
than thick wells for the same carrier density (see Eq. 4-5 and Eq. 4-6 of chapter 4). Fig. 6-9
shows plots of peak modal gain versus carrier density for single QWs of different thicknesses.
Fig. 6-9 demonstrates how the peak modal gain of a well at a given carrier density decreases with
decreasing well thickness. Thus, in order to obtain nearly equal gain peaks from wells of several

different thicknesses at a single cavity length a large number of thin wells are required.

The maximum achievable tuning range for dimensionally AMQW lasers with reasonable
numbers of QWS is limited by the smaller gain of thin wells. Obtaining nearly equal TCLs for the
different transition energies of dimensionally AMQW structures with wells of several different
thicknesses will require large numbers of the thinner wells. The large numbers of wells required
makes these structures difficult to grow, especially when strain compensation is an issue. This
limitation can be surpassed by using compositionally AMQW structures. Instead of changing the
thickness of the wells to obtain different wavelengths the thickness can be kept constant and the
composition of each well changed. Because the wells are the same thickness the well thickness
dependence of the quasi-Fermi levels is not a factor and the wells contribute nearly equal amounts

of gain but at different wavelengths. It is then feasible to design devices with gain curves that

have nearly equal peaks corresponding to many different transition energies at the same cavity
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length without using large numbers of QWs. Fig. 6-10 shows the calculated gain curve for
structure B, one possible compositionally AMQW laser design. Structure B is a hypothetical
device which contains ten 100 A QWs of varying composition separated by 50 A barriers of
composition In soGa 20As 3P e. The x composition (In;.Ga:As,Py.,) is 0.20 in all the wells. They
composition of the wells varies from p-side to n-side as follows; 0.81, 0.8, 0.72, 0.68, 0.6S, 0.64,
0.62, 0.6, 0.6, 0.58. Structure B exhibits a gain curve more than 300 nm across and demonstrates
theoretically that compositionally AMQW structures have a great deal more potential as broadly

tunable lasers than dimensionally AMQW lasers.
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Fig. 6-9 Peak modal gain versus carrier density for different quantum well thicknesses.

Thin wells provide less gain than thick wells at the same carrier density and have
higher transparency carrier densities than thick wells.
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Fig. 6-10 Calculated gain curve at threshold for a 600 um cavity length theoretical device
with ten 100 A QWs of varying composition and band gap.

6.7 Conclusion
AMQthashavebeenshowne:puixmaﬂywachibhnnﬁngmgumorethmdmble
those obtained using conventional MQW lasers. We have experimentally demonstrated the
importance of the cavity length/loss in designing broadly tunable AMQW lasers and explained this
effect theoretically. The design issues for AMQW lasers are similar to those of broadly tunable
lasers based on n = 1 and n = 2 transitions in the same QW. For a laser with two different
transition energies there exists a transition cavity length at which both transitions contribute nearly
equal amounts of gain resulting in a broad tuning range. Far from this TCL the tuning range is

roughly equal to that of a conventional laser. To attain contributions to the tuning range from
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more than two transition energies, the TCLs separating each transition energy must be designed
to be approximately equal. The TCLs can be engineered to be approximately equal by varying the
number of QWs, strain, position in the active region, and well thickness. Thin wells provide less
gainhlgeneralthantlﬁckweﬂsandasammhcompositiomﬂyAMQWlasers(wherethe
composition rather than the dimension is varied from well to well to change the emission
wavelength) may be better suited to broadly tunable laser applications than dimensionally AMQW

structures.

121



7. CHAPTER 7 - CONCLUSION

7.1 Suggestions for Future Work
AMQWlasersarclﬁghlyirner&sﬁngdevimandwehaveonlybeguntounderstandtheir
operation and exploit them for experimental studies of MQW laser physics and applications such
as broadly tunable lasers. A great deal more work needs to be done in this field. While there is a
lot to do, some work has already been begun and substantial progress has been made. In this
section I describe some of the many possible AMQW laser projects which may be pursued in the

future.

7.1.1 Comprehensive Modeling
lnchapter«tlreportedanambipohrnteequationmdgainmodelwhichiscapableof

ﬁttingourTCLdataﬁ'omthineendiﬂ'mAMQthmm The model is however a first

attempt and there is much room for improvement. Here I will outline the approach that I believe

should be taken to develop a more comprehensive model.

First, the optical model must be improved. I have used a simple rate equation model.
Such a mode! does not does not properly account for the amplification of spontaneous emission.
A Fabry-Perot amplified spontaneous emission model should be developed for AMQW lasers
similar to [60,61,62). Such a model requires gain and spontaneous emission spectra which can be

calculated for a given carrier density as I have done.

Once the optical problem is treated properly the electrical currents into and out of the well
must be modeled. I believe the relations between carrier capture and escape times presented in

chapter 5 should be used. It would be interesting to examine the assumption of a single quasi-
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Fermi level for the 2-D and 3-D states below and above threshold. 1 predict that above threshold
the assumption of a single quasi-Fermi level will not be a good approximation to reality.
ThecarﬁucapmremdmperdaﬁomgivmindmptaSﬁnktheearﬁudmsiﬁsinthe
2.D and 3-D states of a QW. The final aspect of the model that must be improved is the
determination of the 3-D carrier densities. A Poisson/continuity equation solver must be
developed to determine properly the carrier densities throughout the active region. It is critical
that the Poisson solver include the charges of the dopant ions and hence the transition regions of

the p-i-n junction.

7.1.2 Applications

We have stated that broad gain peak AMQW lasers may be well suited to many
applications such as multiple trace gas detection, trace liquid detection and generating short
pulses. AMQW lasers have aiready been used to perform trace gas detection across a wide tuning
range [28]. OmoﬁgimlintmthMQthuswaswpm@oeabroadlymnablesoumfor
trace liquid detection. Trace liquid detection should be feasible using nearly the same
mmndmmsusedtodmnmuemwdaecﬁon(w.,aDOEananduvity
AMQW laser). It would also be interesting to attempt second harmonic detection of a liquid
usingaDOEcxternalcavityAMQWlaser. Toperformmchanexperimemoneshouldﬁrst
cleave the AMQW laser to a cavity length just shorter than the TCL. This will enable single mode
tuning over the entire gain peak. The DOE will need to be mounted on a positioner which allows
the DOE to be slowly scanned approximately 500 to 1000 um along the optic axis of the external
cavity while being modulated + 50 to 100 um along the optic axis at a few hundred Hz. Note that

the laser will mode hop when the DOE is modulated over these ranges however, because the
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absorption lines of liquids are so spectrally broad, mode hops on the order of a nanometer do not
constitute significant jumps in wavelength. As a result trace liquid detection may prove to be less
critically dependent on the alignment of the external cavity and laser wavelength stabilization than

trace gas detection.

Broad gain peak lasers may also be an excellent gain medium for mode locked short pulse
lasers. Wallace et al. [27] have attempted to use an AMQW structure for this purpose.
However, the design parameters described in chapter 6 for producing broad gain peak tunable
lasers should also apply to short pulse mode locked lasers. The devices need to be designed so
that under the operating conditions of the mode locked laser cavity equal contributions are
obtained from the QWs of varying thickness/composition. A great deal of engineering needs to be

done to determine the potential of AMQW lasers for this application.

In addition to broad gain peak laser applications AMQW structures aiso have potential
uses as spectrally broad light emitting diodes (LEDs), superluminescent diodes (SLDs) and
semiconductor optical amplifiers (SOAs). By varying the numbers of QWs, their emission
wavelengths, and relative strengths it should be possible to not only make spectrally broad LEDs,

SLDs, and SOAs but to engineer the spectral shape of the output.

7.1.3 Tunable Lasers

In chapter 6 we laid out the design criteria for broadly tunable AMQW lasers and showed,
theoretically, the potential for making structures with very broad gain peaks. Now that we have
an understanding of the design criteria many possibilities exist for making practical broadly
tunable lasers. Broadly tunable laser sources are of great interest in industry today and AMQW

technology has the potential to play a significant role in industrial products.
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There are many possible ways to develop AMQW technology to enter the broadly tunable
laser market. One approach is as follows. The first step is to experimentally verify the potential
of compositionally AMQW structures predicted in chapter 6. If the experimental structures
perform as predicted by our model then we can design a structure for a specific application having
a specific tuning range. The structure should be designed accounting for AR coatings or tilted
facets as these will be a necessity in a commercial device where side mode suppression ratios of
40 or 50 dB are desired. The reproducibility of the devices must also be determined. For
example a target tuning range from 1.29 pym to 1.57 um could be set to cover both telecom
windows. A CAMQW structure could then be designed to have a gain peak reaching from 1.27
um to 1.59 um at some predetermined cavity length (assuming, for example, tilted facets and a
specific pumping level). The width of the gain peak should be over designed to allow some
tolerance at the edges of the desired tuning range. Several wafers should be grown and processed
into tilted sﬁipedevimofthepred&dgnedcavitylmgthmdtestedhedamlcaviﬁato
determine the reproducibility of the tuning ranges. If the tuning range of the devices consistently
encompasses the entire specified tuning range then the design can be patented and sold.

AMQWstmctumcanbedsignedtohavewstouﬁzedgainproﬁluwhichneednotbe
simply broad and flat such as is desirable for broadly tunable devices. For example a device can
be designed to have separate gain peaks at 1.31 pm and 1.55 um accessing both telecom windows
but having little or no gain in the region between the two windows. Such a gain profile may have

applications for switching from one telecom window directly to the other.

It would also be interesting to extend the tuning range as far as possible by increasing the

wavelength spacing between the different QWs, increasing the number of different transition
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energies and applying optimised AR coatings. The transition energies can be spaced further apart
when an AR coating is applied as the external cavity feedback is stronger allowing single mode
lasing to be obtained further from the gain peak. The tuning range may be extended dramatically
by combining AR coating design with active region design.

Another interesting project would be to design split contact AMQW devices capable of
switching from operation on one transition to another simply by changing the applied bias on the
control contact. The total cavity length (pump region and control region combined) should be
slightly longer than TCL for the structure. When both sections are pumped such a device will
operate on the long wavelength transition. Decreasing the current in the control section will
increase cavity loss which has the same effect on the gain spectrum as going to a shorter cavity

length. Hence the thin wells should reach threshold and eventually operate on their own.

7.1.4 New Studies Using the TCL Method

We have developed the TCL method which is a quantitative experimental technique for
studying the non-uniform carrier distribution in MQW lasers. The TCL method has provided new
experimental data on the non-uniform carrier distribution. We have studied the effect of barrier
height and barrier thickness on the non-uniform carrier distribution as well as the degree to which
the non-uniform carrier distribution affects devices with different numbers of QWs. Many more
experimental studies can be done using the TCL method. Little quantitative experimental data on
the non-uniform carrier distribution exists making studies done using the TCL method new and
exciting.

The model presented in chapter 4 assumes that the transition region of the P*-n junction

extends into the MQW region of our devices in order to explain the experimentally observed
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dependence of the non-uniform carrier distribution on barrier thickness. The TCL method can be
used to test this hypothesis experimentally. I would suggest growing four new structures with the
same compositions and dimensions as structures 7 - 10 but with a slightly different doping profile.
Either extend the p-doping an additional 700 A into the SCH or stop the p-doping 1000 A before
the SCH begins. If the model presented in chapter 4 is correct then altering the location of the P'-
n junction will significantly affect the non-uniform carrier distribution. Discontinuing the p-
doping 1000 A prior to the SCH should cause there to no longer be a field across the active
region so that the strong dependence on barrier thickness observed using structures 7 - 10 will,
according to the model presented in chapter 4, no longer exist. Doping an additional 700 A into
the SCH should, according to our model, make the barrier thickness dependence substantially

stronger.

Many experimental studies can be designed to examine the effects of different doping
profiles, different SCH dimensions and different QW and barrier dimensions and compositions.
When designing structures to be used for TCL experiments it is absolutely critical that the devices
be designed to have a TCL. If the wavelength separation between two transitions is large then the
long wavelength transition will be absorbing at the wavelengths corresponding to the high energy
transition. The high energy QWs must then be designed to produce enough gain to be able to
overcome the absorption of the low energy transition QWs and reach threshold or else the low
energy wells will always dominate and the TCL will not exist. For example, in chapter 4, Fig. 45
we demonstrated the origin of the TCL using structure 7 and assuming a uniform carrier
distribution. In Fig. 4-5 the thin QWs take over for high carrier densities because they are adding

to the gain of the thick QWs. If the wavelengths were separated further then the thick QWs
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would still be absorbing at wavelengths corresponding to the thin QWs and the gain peak would

not switch to the thin QWs.

7.1.§ Other Methods for Studying the Non-uniform Carrier Distribution

The TCL method has provided quantitative experimental information about the degree to
which the non-uniform carrier distribution affects the net gain of QWs at different locations in the
active region. To the best of my knowledge the TCL method is the only existing experimental
technique for quantitatively studying the non-uniform carrier distribution. Since the development
of the TCL method two new methods have been suggested/attempted for directly experimentally
studying the non-uniform carrier distribution.

The first technique has not yet been experimentally implemented but was suggested by
Ban et. al. [63] at CLEO 2000. The technique does not involve AMQW structures or mirror
image structures. Ban et. al. [63] have suggested that the ratio of TE and TM light emitted from
a conventional MQW device could be used to study the non-uniform carrier distribution as the
two optical modes provide spatially different samples of the gain in the active region. It would be
interesting to perform such an experiment on the AMQW structures we have tested to see if the
two methods yield similar experimental results.

The second technique involves measuring the electroluminescence (EL) from mirror image
AMQW structures. Newell et. al. [23] examined the electroluminescence emitted from the top of
two mirror image AMQW laser structures. Using a spontaneous emission model Newell et. al.
[23] fit to the EL spectra measured from the top of the two mirror image structures at a single
cavity length and applied bias current. They fit the two structures independently. QW carrier

- density was used as a fitting parameter and extracted from the fits for each structure
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independently. The method presented by Newell ez. al. [23] is not a comparative method meaning
two structures are fit independently and the two mirror image structures are not compared in
order to extract the carrier density. A non-comparative approach of this type has the advantage
that the mirror image structure is unnecessary so that less growth and processing are required to
carrier out an experimental study. Non-comparative studies do however have two distinct
disadvantages. First, extracting the carrier distribution from the experimental data must be done
using a theoretical model and the results are dependent on the validity of the model. Second, the
results extracted from the data are dependent on the accuracy with which the devices are
fabricated or the accuracy with which structural parameters can be measured. In my opinion it is
best to use a comparative experimental technique so that the results are independent of theoretical

work and only dependent on the relative values of material parameters.

Newell et. al. [23] showed that the electroluminescence spectra measured from the top of
AMQW lasers are substantially different for mirror image structures with the same cavity lengths
and bias currents. This difference in EL emitted from the top of mirror image AMQW structures
may be used to develop a comparative experimental technique for studying the non-uniform
carrier distribution. Such an approach may have several advantages over the TCL method. One
advantage is that EL is being measured instead of laser threshold so it may be possible to carry
out carrier density studies by fabricating LEDs instead of lasers which requires fewer processing
steps. EL studies may allow one to measure the non-uniform carrier distribution at different
applied biases for the same device. Experimental data of this type would provide an excellent test

for theoretical Poisson/continuity equation solvers and other carrier transport models.
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7.1.6 Properties
Many of the observed properties of AMQW lasers are still not well understood. The

above threshold characteristics need to be studied more extensively experimentally. The above
threshold characteristics also need to be modeled and explanations must be developed for the
interesting switching and simultaneous lasing behaviour we have observed.

AMQW lasers have not been tested under high speed modulation conditions. The high
speed modulation properties of these devices need to be studied experimentally. AMQW lasers

may provide a new means of studying the physics of MQW lasers under high speed modulation.

7.2 Conclusion

After four years of working with AMQW lasers I can say that they are fascinating devices.
Under certain conditions they exhibit interesting above threshold spectral properties such as large
shifts in lasing wavelength, lasing on modes across a wide range of wavelengths, and what
appears to be simultaneous lasing on transitions of different energies. These above threshold
properties are not yet well understood but explaining them will no doubt lead to a deeper
understanding of the operation of MQW lasers and in addition these properties may prove useful
in future applications. One could for example envision a device with a DFB grating of two
different periods which operates on either of two wavelengths depending on the control current or
temperature.

The QWs of different thickness and/or composition in AMQW lasers in general emit at
different wavelengths making them distinguishable. This property of AMQW lasers makes them
useful for experimentally probing the physical properties of MQW active regions. In this thesis

we have demonstrated one approach to studying the non-uniform carrier distribution using
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AMOQW lasers. The TCL method has already provided experimental data on the non-uniform
carrier distribution and provided information not previously available nor predicted. The potential
studies that could be carried out using the TCL method are endless. But the TCL method is only
one possible technique and other methods may be developed which employ AMQW lasers to
study not only the non-uniform carrier distribution and its dependencies, but other properties of

MQW lasers.

If designed property AMQW lasers can have very broad gain and spontaneous emission
spectra. There is currently a great deal of interest in manufacturing broadly tunable lasers for
testing wavelength division multiplexed (WDM) systems in the telecommunications industry.
AMOQW lasers have the potential to be the key component in the next generation of commercially
available broadly tunable lasers. There are many degrees of freedom in the design of AMQW
lasers which allow one to create extremely broad gain peaks and tailor the shape of the gain
profile and spontaneous emission spectrum to specific applications.

In my opinion the most important result of this thesis is that the behaviour of AMQW
lasers varies greatly with cavity length and cavity loss. An understanding of the dependence of
AMQW lasers on cavity length and cavity loss is critical when designing experiments which
employ AMQW lasers to probe the physics of the active region, designing broadly tunable
AMQW lasers, and observing, studying, or exploiting the above threshold wavelength shifts and

simultaneous lasing we have observed.
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8. APPENDIX 1

Here the raw data for threshold current and wavelength are presented. All cavity lengths

are in um, currents are in mA and wavelengths are in nm.

Structure 1
Lcav Laser # 1 2 3 4 S 6 7 8 9 10 1 12
400 79.7 | 103 | 916 | 969 [ 1064 | 105 | 825
lambda | 1456 | 1452 | 1456 | 1457 | 1456 | 1455 | 1458
500 89 82 |764| 76 | 795 | 793 | 122 | 839 | 86 | 835 | 83 | 858
lambda | 1465 | 1464 | 1465 | 1465 | 1466 | 1466 | 1466 | 1466 | 1464 1466 | 1466 | 1465
600 575 | 635|595 |582| 62 | S98 | 75
lambda 1514 | 1514 | 1515 | 1515 | 1512 | 1513 | 1507
133 238 112 | 181
lambda2 | 1459 1460 1463 | 1461
700 536 | 532|503 | 5 | 533|557 | 53.7 ] 51.9
jambda | 1521 | 1520 | 1521 | 1521 | 1520 | 1519 | 1521 | 1521
181.5(179.8{199.2| 185 | 178 184.1 | 192.9
lambda2 | 1470 | 1471 | 1471 | 1472 | 1473 1481 | 1485
1000 719 | 78 | 584 | 558 | 584 | 576 | 548 | 583
lambda | 1539 | 1540 | 1537 | 1537 | 1537 | 1538 | 1537 | 1535
Structure 2
Lcav Laser # 1 2 3 4 5 6 7 8 9 10
500 | 145212551556 | 976 | 1176 | 119 | 124.7 | 137.2 | 116.5| 142.9
lambda | 1472 | 1469 | 1457 | 1460 | 1456 | 1457 | 1457 | 1458 | 1459 | 1459
1000 | 235.7|247.8 |230.9| 2268 | 246.3 | 2436 | 242 | 2409
lambda | 1491 | 1491 | 1490 | 1481 | 1491 | 1493 | 1492 | 1492
1200 | 234 | 197 |168.5| 166 174 |137.8] 133 | 189.2 | 180.3
lambdath | 1522 | 1522 | 1521 | 1521 | 1522 | 1522 | 1521 | 1521 | 1523
lambda | 1490 | 1488 | 1486 | 1490 | 1488 | 1489 | 1489 | 1491 | 1495
1400 | 183.5| 185 [171.6] 1776 | 173.4 | 197.9 | 2321
lambda | 1525 | 1524 | 1523 | 1524 | 1524 | 1523 | 1517
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Structure 3
Lcav Laser# 2 7 8 9 10 11
600 | 874 | 752 | 723 | 685 | 714 | 739 | 713 | 748 |1283]| 722 | 704
lambda | 1462 | 1462 | 1463 | 1483 | 1463 | 1462 | 1462 | 1461 | 1462 | 1462 | 1462
800 ! 808 | 76.8 | 745 | 796 | 90.3 | 829 Immediate shift - right at TCL
lambdath | 1480 | 1486 | 1488 | 1486 | 1472 | 1483
lambda | 1473 | 1473 | 1477 | 1474 | 1472 | 1470
1000 ! 869 | 907 | 769 | 927 | 755 | 731 | 76 | 71.8 | 726 | shiftto 1475
lambda | 1501 | 1496 | 1498 | 1492 | 1499 | 1499 | 1501 | 1500 | 1500
1200 I 798 | 708 | 731 | 758 | 723 | 734 | 753 | 74.1 | 763 | 88.3 | 76.6
lambda | 1503 | 1503 | 1503 | 1503 | 1503 | 1503 | 1503 | 1503 | 1503 | 1502 | 1504
1400 [ 797 | 757 | 783 | 694 | 70.1 | 695 | 704 | 696 | 885 | 71.4 | 73.2
lambda | 1505 | 1505 | 1507 | 1505 | 1506 | 1505 | 1505 | 1508 | 1508 | 1508 | 1506
Structure 4
Laser # 1 2 3 4 5 ] 7 8 9 10 11 12
500 i 845 | 84 | 857 | 879 | 88.7
lambda | 1451 | 1453 | 1451 | 1449 | 1449
800 | 119.4 | 1196 | 104.2 | 104.3 | 109.7 | 96.7 | 141.7 | 1185 | 130
lambda | 1461 | 1460 | 1463 | 1463 | 1463 | 1466 | 1461 | 1484 | 1483
1000 l 130 | 107.3|103.4| 1027 | 114 | 1058 | 108.1 | 1126 | 107.2
lambda | 1460 | 1484 | 1488 | 1484 | 1475 | 1481 | 1481 | 1478 | 1485
lambda2 | 43 |755.4|755.4
1200 [ 111.1| 994 | 98.3 | 97.7 | 99.5 | 1009 | 1069 | 100 | 97.3 | 104.9 | 103.7 | 103.7
lambda | 1493 | 1496 | 1498 | 1496 | 1496 | 1497 | 1497 | 1496 | 1498 | 1496 | 1497 | 1496
2 2359 | 230 |235.8 251 249.3 | 250.3 {2468 | 251 | 2328
lambda2 | 1458 | 1459 | 1461 1464 1464 | 1485 | 1485 | 1456 | 1462
1400 [ 135 | 200 | 124 | 128
lambda | 1493 | 1473 | 1500 | 1500
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Structure 5
Lcav Laser # 6 7 8 ) 10 1"
1000 | 100 | 92 | 8961933 | 89 | 921 | 966 | 99.6
jambda | 1542 | 1541 | 1541 | 1541 | 1540 | 1540 | 1542 | 1542
1500 | 1012 | 108 |124.6| 107.4 | 128.2 | 114.9| 107.9 | 119.4 | 105.2
lambda | 1552 | 1552 | 1547 | 1553 | 1549 | 1552 | 1553 | 1552 | 1552
1700 | 127.5|127.3|125.8] 119.3 | 126.7 | 148.7
lambda | 1560 | 1560 | 1556 | 1569 | 1556 | 1563
1900 [ 1079|1029 {1164 934 | 94 simultaneous lasing
lambda | 1583 | 1592 | 1585 | 1598 | 1597
2000 | 125.3| 93.1 |100.4] 1156
lambda | 1599 | 1605 | 1601 | 1598
2 219 | 183.2 |165.7
lambda2 | 1555 | 1552 | 1554
2400 | 1066 | 109 |102.2]| 103.5| 8868 | 1055
lambda | 1608 | 1608 | 1607 | 1604 | 1608 | 1606
2 216.3 | 242.3 | 249.8 230.7 | 224.7
lambda2 | 1563 | 1560 | 1562 1568 | 1568
3000 | 113 [ 131.4| 96.8 | 103.1 | 103.4 | 1026 | 102.6 | 100 | 104.2|105.4 | 106.8
lambda | 1612 | 1612 | 1610 | 1610 | 1610 | 1610 | 1611 | 1610 | 1613 | 1610 | 1610
Structure 6
Lcav Laser # 1 2 3 4 5 6 7 8 9 10 11 12
1000 [ 798 | 754 | 715 | 696 | 609 | 66 | 658 | 712 | 652 | 634 | 65.1 | 65.2
lambda | 1538 | 1537 | 1538 | 1535 | 1537 | 1535 | 1535 | 1536 | 1535 | 1536 | 1535 1535
1500 [ 846 | 838 | 828 | 8569 | 887 | 949 | 862 | 84.7 | 1269
lambda | 1545 | 1541 | 1544 | 1543 | 1544 | 1545 | 1544 | 1544 | 1544
2000 | 1541|1044 | 954 | 839 | 119 | 100
jambda | 1538 | 1556 | 1555 | 1556 | 1552 | 15585
2200 | 103.4 | 191.7| 120 | 102 | 103.3
lambda | 1555 | 1539 | 1557 | 1558 | 1580
2400 | 109.7| 106 |103.7] 102.8 | 116.4 immediate shift
lambda | 1596 | 1596 | 1599 | 1588 | 1609
3000 | 1202 | 142.4 | 109.5]| 107.7 | 114.9 | 112.5| 120.4 | 127.7
lambda | 1601 | 1593 | 1602 | 1602 | 1603 | 1603 | 1603 | 1593
12 2152 | 158.6 | 236.7 | 237.1 | 239.8 | 237.2 | 237.8
lambda2 | 1550 | 1561 | 1553 | 1554 | 1552 | 1554 | 15582
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Structure 7

lcav |Laser# | 1 | 2 | 3 | « | s | 6 | 7 | 8 | o | 10 ] 11
500 | 103 | 100.4
lambda | 1565 | 1565
600 I 62 | 755 | 51 | 632
lambda | 1614 | 1605 | 1612 | 1619
1000 | | 537 | 528 | 52 | 484 | 613 | 515 | 501 | 53.1 | 53.3 | 100.2] 898
lambda | 1625 | 1625 | 1623 | 1624 | 1626 | 1628 | 1626 | 1626 | 1626 | 1626 | 1628
Structure 8
lcav |Laser®# | 1 | 2 | 3| &« | s
500 | |1108| 68 | 654 | 758 | 656
lambda | 1559 | 1554 | 1553 | 1553 | 1552
800 | | 865 | 914 | 826 | 816
lambda | 1568 | 1568 | 1569 | 1567
900 | | 832 | 841 | 861 | 848
lambda | 1572 | 1570 | 1572 | 1571
1000 | 923 | 938 | 92 Shift above
lambda | 1603 | 1602 | 1602 | ‘reshold
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Structure 9
Lcav Laser # 1 2 3 4 5 6 7
500 l 91.7 | 110
lambda | 1576 | 1569
600 i 67 | 73.7 | 104 | 89.7 | 104 | 102.5| 126.7
lambda | 1610 | 1608 | 1598 | 1618 | 1598 | 1599 | 1585
700 ! 812762 | 722 | 734 | 1076 | 833 | 99 | 1193
lambda | 1616 | 1619 | 1619 | 1619 | 1615 | 1621 | 1618 | 1617
800 l 666 | 719 | 749 | 822 | 80.5 [ 103.7 | 1285 | 124.1
lambda | 1623 | 1621 | 1619 | 1621 | 1623 | 1623 | 1625 | 1624
2 265
lambda2 1582
900 | 68.7 | 741 | 794 | 884 | 995 | 124.3 | 114.9 | 134.2 | 131.1
lambda | 1625 | 1627 | 1628 | 1627 | 1630 | 1631 | 1629 | 1630 | 1630
Structure 10
Lcav Laser # 1 3 4 8 9 10
400 | 60 | 531 | 577|572 | 60.7 | 564 | 583 | 58.1 | 64.1
lambda | 1543 | 1543 | 1543 | 1542 | 1542 | 1543 | 1542 | 1542 | 1543
500 ! 588 | 544 | 54 | 8768 | & 8 | 602 | 623 | 57.3 | 55.7
lambda | 1545 | 1548 | 1548 | 1541 | 1535 | 1539 | 1545 | 1545 | 1547 | 1547
600 ! 114 | 858 | 614 | 756 | 978 | 125 | 66.9
lambda | 1544 | 1534 | 1560 | 1534 | 1548 | 1543 | 1554
700 | 915 | 61.7 | 587 | 579 | 939 | 78 91 58.3 | 65.8 | 102.9
lambda | 1556 | 1601 | 1603 | 1601 | 1547 | 1561 | 1556 | 1600 | 1599 | 1539
800 | §5.1 | 556 | 556 | 573 | 578 | 552 | 554 | 108
lambda | 1607 | 1607 | 1608 | 1608 | 1607 | 1607 | 1607 | 1558
800 | 54 | 549 | 541 | 544 | 582 | 57.7 | 57.1 57 | 62.8
lambda | 1611 | 1611 | 1611 | 1611 | 1610 | 1611 | 1611 | 1610 | 1609
2 1203
lambda2 1580
1000 ! 55.7 | 563 | 553 | 569 | 55.1 | 54.5 | 559
lambda | 1613 | 1613 | 1613 | 1613 | 1612 | 1813 | 1614
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Structure 11
Lcav Laser # 1 2 3 4 7 8
600 | 94
lambda | 1613
700 1 704 | 919 [103.5
lambda | 1615 | 1621 | 1608
800 | 140
lambda | 1624
900 ! 99 | 926 | 116 | 1326
lambda | 1628 | 1626 | 1626 | 1627
1000 l 765 | 828 | 90.4 | 94.7 | 1015 | 1229 | 1248 | 1188
lambda | 1626 | 1626 | 1628 | 1627 | 1629 | 1630 | 1630 | 1628
Structure 12
Lcav Laser# 1 2 3 4 5 6 7 8 9
400 | 582 | 61.7 {571 ]| 702 | 742 | 689 | 649 | 68
lambda | 1547 | 1547 | 1545 | 1548 | 1544 | 1545 | 1545 | 1547
500 I 643 | 69 | 105 | 574 | 616 | 688 | 61.2 | 67.1 | 68.1
lambda | 1568 | 1557 | 1545 | 1569 | 1567 | 1560 | 1570 | 1568 | 1568
600 | 521 | 562 | 554 | 8.7 | 534 | 52 | S3.1 | 60.7
lambda | 1591 | 1587 | 1588 | 1566 | 1589 | 1581 | 1500 | 1586
700 | 658 | 522 | 508 | 50 | 509 | S0.3 | 514 | 54.7
lambda | 1581 | 1601 | 1600 | 1600 | 1600 | 1600 | 1601 | 1599
800 | 517 | 472 | 484 | 491
lambda | 1609 | 1608 | 1609 | 1609
2 209.3| 192 | 212 ]| 1494
lambda2 | 1574 | 1576 | 1565 | 1574
900 | 46.3 | 466 | 476 | 494 | 479 | 482 | 469 | 60.6
lambda | 1611 | 1611 | 1611 | 1611 | 1612 | 1611 | 1611 | 1611
12 1354 (1335|1344 | 1244 | 126.1 | 104 | 109.2
lambda2 | 1581 | 1580 | 1581 | 1582 | 1583 | 1585 | 1587
1000 | §0.3 | 496 | 504 | 488 | 494 | 55 | 489 | 513
lambda | 1613 | 1614 | 1613 | 1613 | 1613 | 1612 | 1615 | 1615
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9. APPENDIX II

In this appendix expressions are derived for the conduction band and valence band
effective densities of states for the 3-D unconfined states and the n = 1, 2-D confined states in a
QW layer. The analysis shown here follows the procedure outlined in Appendix IV of
Streetman’s text [41] which shows the calculation of the effective density of states for bulk

material.

A. Effective Density of States for the 3-D Unconfined States

Fig. Al shows the density of states for bulk material with bandgap Eg. and for the 3-D
unconﬁnedstatesofaQWwithaQWmatetialbandgapofE,.mdabarrierlayabmdgapof
Ep. Zeroontheenergya:dshasbeaxselectedtobeatmebottomoftheconductionbandofthc
QW material. ThedensityofstatesfortheB-DmnconﬁnedstatuinaQWlayeriswofor

energiesbelowE_andisthatofbulkmaterialwithenugygapE,.formgiagreaterthanE.

Expressed mathematically,
JE (21)’”
0 E<E,,

where m" is the effective mass, E is the energy, h is Planck’s constant, and Ei is the material
barrier height for the valence band or conduction band QW. For the valence band Evew = 0.6(Eg -
Eg) and for the conduction band Epm = 0.4(Ep - E,) where Ey is band gap of the barrier
material and E,w is the band gap of the well material. Note that Eqecy are defined differently from

Eicv in Chapter 5. Emvaretheenergydiﬂ‘erencebetweentheenergygapoftheQWandbarﬁer
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Me&vueMwaydﬁmhmmen=lenergylcveloftheQWstothetopsofthe

barriers.
4.0E+08
3.5E+08 3DD.0.S.no QW
3D D.0.S. for a QW
3.0E+08
256408 //
T 208408 /
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1.0E+08
5.0E+07
0.0E+00 ==y -
Ene Eom
E(eV)
Fig. Al The density of states for the 3-D unconfined states in a QW.

Next we determine the effective density of states for the 3-D unconfined states in the

conduction band of the QW layer. The carrier density in the 3-D unconfined states in the

conduction band is given by,

Nyp = j: p™(E)f(E)dE = 4;’:;’-(2:»:‘)”’ cxp[%]L E” exp(— f—T)dE

(A2)

We have approximated the Fermi function f{(E) using Eq. 5-12. Performing the integrations gives,

4 an Jr(kT)*? ’ ) E E.-E,_
n,D=$(2mc) {E:’,k’l#—’-iz-)—[l—uf( Ek—“,l'.‘— ]exp[—l?]}exp&i,r—-] (A3)

139

—



The effective density of states is then defined as,

N = 1 (2m.)” {E"’ KT+ ("T)m[ m{m] ET';—]} (A%)

A similar analysis for the valence band yields,

Ny =:—?(2mv)”{E&kT+[’@—[l-m{\l%‘;'— ”ew[%]} (AS)

B. Effective Density of States for a Quantum Well

The density of states for the n = 1, 2-D confined states in 2 QW layer is given by [3],

p(E) = Kth (A6)

To determine the conduction band effective density of states for the n = 1, 2-D confined states in

theQWlayerwebcginbywﬁﬁngthecmierdensityintheconductionband,

0o =[PP EI(ENE = o %I L. exl - %)dﬁ]. (A7)

We have again approximated the Fermi function f{(E) using Eq. 5-12. Performing the integration

gives,

kTm, [E.-E
n2D = ﬂ'th' CKP[ FkT k]' (As)

The effective density of states is then defined as,

kTm, ' (A9)

Neo =71,
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A similar analysis for the valence band yields,

kTm, (A10)

Nuw =20

C. Ratio of Effective Densities of States

Therelaﬁonbetwemcapﬂnemdmpeﬁmeus&thefoﬂowingmﬁoofeﬂ'ecﬁve

densities of states,
N_,.N
N = e2D* *v2D )
e NdDNVJD

Let’s examine some of the key dependencies Of Naio- First, Nog, is dependent on the QW
thickness, L.. The 3-D effective densities of states have no L, dependence but the 2-D effective

densities of states are proportional to 1/Lw. Thus Nee is proportional to 1/L.,

Also of critical importance is the dependence of Newis On barrier height. Fig. A2 shows the
dependence of N, On barrier height. Plotted for comparison are the functions exp{-Ew/kT] and
exp[-Ewm/kT] which approximately give the exponential dependencies with Es. and E,, of Eq.
5-18 and Eq. 5-19. Fig. A2 demonstrates that the exponential dependencies with Ex and Eu of

Eq. 5-18 and Eq. 5-19 are much stronger than the dependency Of Nrwio With Epe.
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R —— Ratio of Effective
Densities of
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= 0.81 AN ||
b \
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AEg (eV)
Fig. A2 A plot of Naeo as a function of material barrier height, Eue. Plotted for

comparison are exp{-Ewas/kT] and exp{-Evan/kT].
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