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The goal of this research work is to develop and analyze Quantum Dot (QD) lasers aimed
at improving high power performance which is crucial for numerous scientific, military
and industrial applications. Fundamentally two dissimilar types of lasers are investigated:
namely bipolar electron-hole laser and unipolar quantum cascade laser.

Planar quantum well (QW) laser diodes are already well-established as commercially
available high power semiconductor lasers. However these lasers are unable to deliver

power greater few 10’s of watts due to reduction in efficiency at longer cavity lengths.
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This limitation arises from inherent optical losses tied to the two-dimensional density of
available states in QWs. A novel approach is proposed here to circumvent this limitation
by introducing self-assembled QDs into the laser cavity which due to their delta-like
discrete density of states promise to reduce the optical losses by at least an order of
magnitude, hence allowing cavity length to increase proportionally. Detailed analysis
based on harmonic oscillator model and solution at quasi-equilibrium condition reveal
that total internal losses as low as 0.05 per cm™ can be achieved in a QD laser enabling it
to deliver 50 watts of power from each bar while maintaining efficiency close to 90%.

In order to take full advantage of the discrete atom —like behavior, it is also of utmost
importance to reduce the inhomogeneous broadening of the dot distribution originating
from size fluctuation. Experimental data of ultra narrow linewidth InAs quantum dots
having linewidth of only 22 meV is presented. Research attempt has been taken to
integrate these narrowly distributed dots into a workable structure. Preliminary data
shows that these dots are extremely sensitive to the laser material which calls for careful
optimization of the entire structure.

As for the unipolar QCL, it is shown that internal absorption caused by phonon emission
of electrons in a planar quantum cascade laser represents a possible limitation to the
maximum operating efficiency. Possibility of reducing this absorption is explored and it
is optimistically asserted that introducing QDs into the gain stage of a QCL can eliminate

this internal loss mechanism, thus greatly improving high power operating characteristics.
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Chapter 1

Introduction and Outline
1.1 Introduction:

High power lasers are primarily classified as lasers that are capable of producing
very high power optical output typically ranging from several watts to 100’s of watts.
Since the invention of lasers, high power lasers have become an essential component in
numerous and diverse scientific and commercial fields. The major application areas
include:

-Telecommunications as pump source for solid-state laser, fiber amplifiers and

fiber lasers particularly in DWDM

- Military applications for example in LIDAR, infrared countermeasure etc.

- Industrial material processing such as soldering, welding, metal cutting, heat-

treating etc.

- Biomedical applications in surgery, photodynamic therapy and other therapeutic

applications

- Space applications such as in deep space data transmission systems

- Sensing and imaging, spectroscopy, large scale display and so on. [1,2,3,4]

In order to achieve superior performance, high power lasers should be capable of
producing highly reliable bright light output. The most important criterion for high
power laser is its efficiency which is described by its wall plug efficiency. Wall plug
efficiency is basically the electrical-to-optical power conversion efficiency. Besides,
other desirable features include temperature insensitivity, high reliability across the entire
operating wavelength regime, small alpha factor which represents better beam quality etc.

Depending on what material is employed as the gain medium, there are wide varieties
of high power lasers in use. Examples include solid state lasers, gas lasers, fiber laser and
so on. But semiconductor heterostructure laser offers numerous merits and superior
functionalities especially for high power operation. Semiconductor high power diode
lasers are able to convert electrical power to optical power directly through

electroinjection thus providing higher conversion efficiency, compactness of size, higher
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optical gain, wide emission range which encompasses from visible to IR etc [1]. Also
semiconductor lasers emitters can be integrated to form bar stacks and arrays so the
optical output is multiplied to hundreds of watts. Therefore, bipolar Planar Quantum Well
(QW) diode lasers have already found widespread use in high power applications. [2].

In mid and far IR ranges, another novel type of laser which is unipolar Quantum
Well Cascade laser has been able to deliver good quality light output in watts regime thus
replacing lead-salt based lasers in rapid succession [5]. However, currently the most
severe constriction on achieving good emission power characteristics in QW lasers is
caused by the internal loss within the devices themselves [6].

This limitation can be circumvented by introducing a fundamentally new type of
gain material in the active region of the devices, namely Quantum Dot (QD) ensemble
which promises to dramatically improve the high power operating characteristics of

lasers.

1.2 Planar QW lasers:

The basic requirement to achieving high power output from a semiconductor laser
is to keep the optical losses as low as possible [6]. Optical losses that are inherently
present in the gain medium ultimately set the limit on how long a laser cavity can be
made. When there is significant optical loss in the semiconductor material, the wallplug
efficiency drops sharply with cavity length and with the cavity making shorter, the
amount of collected power also decimates proportionally. This interplay between optical
losses and efficiency will be addressed in details in chapter 3.

Before the advent of strained QW lasers, bulk semiconductor laser performance
was limited by internal loss around 15-20 per cm due to huge free carrier absorption in
the active region. Development of strained QW lasers not only reduced the losses by an
order of magnitude but also yielded improvement in threshold current and temperature
sensitivity thus paving the way towards high power operation [1]. Introducing strained
InGaAs QWs in the active region resulted in improved material gain and extension of

emission wavelength from near IR to mid IR. Owing to technological advancements



encompassing nearly two decades of research endeavor, planar QW laser technology is
now very well established and QW diode lasers have become pervasive devices in high
power application area.

Realizing the ever-increasing demand of high power lasers in both military and
commercial sector, the US Department of Defense launched a program termed as SHEDS
(super-high-efficiency diode sources) in 2003 to create diode lasers that have 80% wall-
plug efficiency. Major improvement in high power planar QW lasers has already been
made through interface bandgap engineering, waveguide adjustment, optimization of
quantum-well designs combining the best materials etc. Here a prototype QW high power

laser is shown in figl.1 [4, 7].
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Figure 1.1 High power planar QW laser diode schematic



The strained QW layer is located in a large optical cavity which reduces the
optical power density thus eliminating catastrophic optical damage to the end facets of
the laser. The carrier confinement layer is separated from the waveguiding cavity to
facilitate high carrier injection efficiency. A record 71% efficiency has been reported by
employing this type of epitaxial structure with outputs as high as 22 CW. The lowest
demonstrated internal optical loss in this kind of QW laser is 0.3 per cm so far [8].

Now we can examine the loss in efficiency in one of the best performed planar

QW lasers in more details in figure 1.2 [2].
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Figure 1.2 Loss components in a planar QW laser.

Before reaching threshold, 9% efficiency is lost since the injected carriers do not
contribute in creating laser output. Inefficiency due to Joules heating originates from
device series resistance and forward voltage across the p-n junction and worsens with
higher drive current. Scattering and absorption losses arise due to imperfect crystal
quality and free carrier absorption in the semiconductor material itself that accounts for
the internal optical losses in the semiconductor. Leakage of carrier and subsequent

recombination outside the active region causes addition photon loss. Build up of



heterojunction voltages due of misalignment of different heterobarriers in the epitaxial
layers also causes drop in efficiency. Optimization of band structure, doping profile and
waveguide along with improvement in crystal growth quality can further increase the
wallplug efficiency as mentioned earlier. However due to inherent losses in QW
materials, there will be always certain amount of losses present in the devices, regardless
of the advancement in planar QW technology. Therefore a novel approach ought to be

sought to extend the laser operating regime towards higher wall plug efficiency.

1.3 Motivation for QD high power laser

Quantum Dot lasers offer numerous advantages over their quantum well
counterparts due to three-dimensional confinement of charge comparable to its thermal
de Broglie wavelength. Such quantum confinement of charges in the active region of the
laser leads to delta-function like density of states resulting in atomic-like discrete energy
level structure. This kind of modification of density of states directly contributes to
dramatic reduction in transparency current density compared to a planar quantum well
laser. For example, transparency current density of only 5 Amps/cm? can be achieved in a
QD laser as opposed to at least 50 Amps/cm’® in QW lasers. The most practical
advantages associated with a QD laser are: ultra low threshold current density, higher
optical gain and differential gain, high characteristic temperate Ty giving temperature
insensitive performance etc which all are very crucial especially in high operating power
regime [9, 10, 11,12,13].
Figure 1.3 depicts simplified energy band structure in a QW and a QD to show the

density of states in these two cases.



Figure 1.3 (a) Density of states in QW (b) Density of states in QD

In a planar QW, the density of states is a staircase like function so there is a
continuous energy spectrum. This causes significant bandfilling and thermal smearing of
populations in the subbands. Only a fraction of the carriers injected into the QW
participate in lasing and as the temperature increases, more and more carriers are needed
to be injected into the active region to sustain adequate gain for lasing. The minimum
number of carriers to offset the losses in the QW active region, which is the transparency
carrier density is expressed as:

47 m

N TrcdkBT ............... (1.1

trans,QW =

Where myq is the reduced mass, kg is Boltzmann’s constant, T is the active region
temperature and h is Planck’s constant. Owing to thermal broadening kgT, the
transparency carrier density goes up proportionally with temperature which increases the
threshold current density. This higher threshold current causes junction temperature to
rise, eventually resulting in a thermal feedback effect leading to device failure. For high
power operation where 10’s of amperes of current flows through the junction, this is a

very severe phenomenon to be considered.



On the other hand, in an ideal QD material there in no such thermal broadening of
carrier distribution. So taking into account twofold spin degeneracy, population inversion
can be obtained when on an average each QD has one electron in excited state. Owing to
discrete energy structure, maximum gain peak also remains unchanged and flat with

respect to temperature.

1.3.1 High power high efficiency electron-hole QD laser:

Currently the high power operation of Planar QW lasers is limited to somewhat
around 20 Watts from each laser emitter as stated in previous section. The chief source of
limitation arises from physical size constriction of the laser ridges that originates from
optical losses occurring in the semiconductor material itself. This loss is closely tied to
the inherent properties of the active region and there can be a substantial decrease in
internal loss through the reduction in transparency carrier density of the laser. In fact, all
the major loss mechanisms that affect efficiency as described in previous section can be
minimized through introducing three -dimensional charge quantization in QDs. The
remarkable reduction in transparency carrier density directly leads to lower threshold
density. The resistive loss which is 'R greatly reduces due to lower operating current
density as well. In this way, the wall plug efficiency in QD lasers can reach as high as
90% compared 70% in QW lasers. Furthermore, in optimizing laser performance,
material gain is also of utmost importance since the threshold current density and
modulation speed of laser strongly depends on gain. The most popular approach to
achieve three dimensional carrier confinement is by MBE grown self-assembled III-V
nanostructures embedded in epilayers. The optical gain of such self organized dots can be
larger than that of QWs but ultimately the non-uniformity in dot size distribution sets
limit on material gain. QWs grown on (110) orientation on GaAs wafers can improve the
gain characteristics [2] but unlike QD laser, they will still suffer from high transparency
and poor temperature characteristics. Moreover owing to lower antiguiding factor (also
known as the alpha-factor) due to symmetric gain sprectrum, QD lasers are expected to

exhibit superior beam quality at higher power level compared to QW where filamentation



can occur otherwise. For all these attractive features, bipolar QD lasers hold tremendous
possibilities to replace all other kind of bulky lasers eventually that are now used for near
IR high power emission. The chief objective of this research work has been to analyze,
model and design high power QD lasers. Also emphasis has been given to improve the
material quality of self assembled QDs that will further enhance high power performance

of lasers.

1.3.2 High power CW QD cascade lasers:

Quantum Cascade laser is a fundamentally new type of uniploar Mid/Far IR laser
based on intersubband transition in QWs .Since its inception back in 1994, QCL have
been substituting traditional lead-salt ( Pb;_«SnsTe and PbS;«Sey ) based lasers that suffer
from high Auger recombination and low efficiency. Planar QW QCLs have already found
widespread use in chemical spectroscopy, biomedical sectors, as light detection and
ranging (LIDAR) devices and infrared countermeasures [5,14]. In many of these cases,
generation of high power continuous wave output is required. Currently the main
limitation of QCLs is their inability in efficienctly producing CW output at room
temperature. It has been proposed in this research work that this efficiency of QCLs is
severely affected by internal absorption in QW subbands due to longitudinal optical (LO)
phonon emission .This LO phonon scattering predominates over the intersubband
radiative transition of electrons. This inefficiency is analogous to the bipolar QW laser
where the limitation arises from internal losses in the laser. Here internal absorption in
QW subband also plays similar role.

On the other hand in QDs, owing to discrete energy levels this LO scattering mechanism

is greatly reduced by creating so called phonon bottle neck as depicted in figure 1.4.
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Figure 1.4 Phonon bottleneck in Quantum Dots

Typically the non-radiative phonon assisted relaxation time for electrons in
excited states in QW subbands are on the order of picoseconds. In QDs this value can be
several orders of magnitude higher. Therefore by introducing QDs as the active material
in the cascaded gain structure, the internal absorption can be reduced to great extent with
added benefits of lower threshold and less temperature sensitivity [15, 16]. The objective
of present work is to gain a better understanding of the underlying physics of planar
QCLs and analyze its high power performance and limitations which will lead to

developing high power high efficiency Mid /Far IR lasers based on QD active material.



1.4 Organization of dissertation

We now review the organization and coverage of the thesis in sequence, chapter
by chapter

Chapter 2 provides an overview of the structural, electronic and optical properties
of III-V self-assembled Quantum Dots grown by Stranski Krastanow method in MBE
system. The harmonic oscillator model of QDs is presented that helps in laying the
theoretical framework for subsequent simulations of the QD lasers. Experimental results
of ultra-low linewidth QD ensemble are shown which can remarkably improve QD laser
gain characteristics.

Contents of chapter 3 aim at describing a reasonably complete picture of our
present study focusing on achieving high efficiency high power operation using QD
lasers. Various optical losses and their role in limiting high power output are outlined.
Characteristic equations describing high power output and efficiency of semiconductor
lasers are derived. The internal device parameters including active region loss, threshold
current , forward voltage etc are computed based on self-consistent laser equation.
Theoretically predicted results of QD lasers show remarkable improvement in wall plug
efficiency through reduction in active region losses compared to its planar QW
counterpart.

The critical design criteria such as waveguide design and material issues are
addressed in Chapter 4. It also gives a detailed account of the fabrication sequences of
QD laser aimed at combining the narrow linewidth QD ensembles in a laser cavity.
Experimental results provide valuable feedback on epistructure optimization.

Chapter 5 is concerned with a fundamentally different type of unipolar laser,
namely Quantum Cascade Laser. A considerable part of this chapter is devoted to
showing that the inherent absorption mechanism is responsible for limiting high power
output of such lasers. Alternatively QDs are shown to be a viable candidate in which this
phonon assisted loss mechanism can be significantly diminished.

The concluding chapter i.e., chapter 6 presents the summary of research and

future outlook for continuing this exciting field of research.
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Chapter 2
Self Assembled Quantum Dots

Since first suggested in 1976 that three dimensional charge confinement can lead
to dramatic improvement in laser performance, numerous techniques have been
employed to create size quantization in semiconductor materials [[17]. The quantized
dimensions should be comparable to thermal de Broglie wavelength which is on the order
of nanometer scale, therefore it is very challenging to implement. Besides, since the QD
ensemble is the active light emitting material, it should be comprised of very high quality
defect free material. It was proposed back in 1982 by Arakawa that 3D Quantum
confinement can be obtained in a two-dimensional QW by applying magnetic field to
create the addition degree of quantization [9]. However from device point of view, it is
more advantageous to combine the QDs within the active region of the laser. Several
techniques such as using pre-patterned masked substrate, etching of lithographically
defined layers etc have been employed to introduce QDs in semiconductor lasers in the
past [18,19]. But these are basically ex-situ methods hence there is always possibility of
contamination and moreover they are time consuming and complicated to due to multiple
steps involved in the process.

From technological point of view, so far the most effective way to create three
dimensional nanostructures is by self assembly of quantum dots in a highly stained
material which is known as Stranski -Krastanow growth ( also known as SK growth)
[20]. In this in-situ mode of growth, QDs are spontaneously formed during epitaxial
crystal growth. This type of formation was first observed by Goldstein [21].The
following section will shed light on this technique of QD formation which has been

employed in this research work.

2.1 MBE growth and formation of self assembled Quantum Dots:
The III-V self assembled quantum dots are grown in Molecular Beam Epitaxial

(MBE) growth system. MBE systems are capable of depositing ultra high quality
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materials with the layer thickness precision on the order of atomic scale. The source
materials are thermally evaporated to form molecular fluxes that are deposited on the
substrate in layer-by layer fashion. Typically for III-V compound growth, the source
materials are As, Ga, In Al, Be (as p dopant) and Si (as n dopant) [22].

In Stranski —Krastanow mode of growth, deposition of highly strained material on a
crystalline matrix results in a pseudomorphic layer by layer growth until a critical
thickness is reached where further deposition produces coalesced, defect free 3-D islands.
This type of spontaneous growth occurs due to reduction of surface free energy of the
strained material. Investigation shows that these types of islands have pyramidal shape as

depicted in figure 2.1.
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Figure 2.1 Stranski -Krastanow method of Quantum Dot formation

The most commonly used strained material combination is InAs on GaAs where the
lattice mismatch is 7%. During initial growth, InAs forms smooth 2-D surface and once
the critical thickness is reached, the extra InAs forms QD arrays while leaving the
original planar thin layer behind [23,24,25,26]. This layer is known as the wetting layer.
The thickness at which dot formation occurs is around 1.5 ML. There is a certain window

within which these defect free dots occur. It has been found that upon depositing 3 ML
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InAs on GaAs, additional materials tend to form clusters instead of coherent dot array
[27].

The size and uniformity of QDs are strongly dominated by their growth condition
such as growth rate, temperature and background As pressure. Since QDs are formed by
material exchange via surface migration of adatoms, the mobility of adatoms is a crucial
parameter in dot formation [28]. The adatom mobility is strongly dominated by substrate
temperature and it also depends on deposition rate and background flux. There is an
optimum temperature range at which dislocation free dots are formed. This range is
normally between 490° C and 530° C. Higher temperature causes evaporation of dots out
of the cap layer [29].

Besides, the quality of the QDs also depends on its surrounding material namely the
underlying epilayer and the overgrown cap layer that covers it. For any device application
it is desirable to have uniform arrays of quantum dots. The size distribution of the dots
follows Gaussian distribution which is quantitively characterized by the inhomogeneous
linewidth in Photoluminescence (PL) spectrum. Usually the InAs dot sizes range from 20
nm to 50 nm and the densities are on the order of 10" /sqcm to 10" /sqcm [27,30]. The
typical values of imhomogeneous linewidth can be ~ 35 meV for a fairly uniform QD

assembly.

2.2 Modeling of quantum dot active region:

Self organized QDs are extremely sophisticated objects whose electronic states
largely depend on the surrounding material, the size and shape of the dots themselves and
they are further influenced by the strain distribution around them [13].The interesting fact
is that the experimental PL data of self assembled QDs provide very useful information
that can be employed to develop QD model quite accurately and determine its discrete
electronic and hole states.

Figure 2.2 below shows a typical spontaneous spectrum of a QD edge emitting laser in

which the ground, 1* and 2" excited states appear at regular intervals [30, 31].
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Figure 2.2 : Electroluminescence spontaneous spectra of InGaAs QDs .The four energy
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levels are labeled as “m”.

This phenomenon has close resemblance with that of a quantum-mechanical
harmonic oscillator. The confinement potential in a simple harmonic oscillator takes up
parabolic form in which its stationary states are equally spaced. Moreover there exists
concentration gradient of In towards the center of the dot which can explain the parabolic
shape of the potential [27, 32]. Furthermore, calculation of confining potential in QD by
other groups also strengthifies the parabolic potential theory [33]. The beauty of this
model is that it is able to provide the exact solution of the electron and hole effective
mass Hamiltonian. In an idealized QD, there are discrete electronic and hole states and a
continuum of states generated from the wetting layer as depicted in figure 2.3 [30, 31,

34].
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Figure 2.3 Energy structure in QD. Interband radiative transition is allowed exclusively

between electron and hole pairs having same quantum number,m. Intraband transition is

possible between any two levels.

The electronic (hole) energy level structure of the

expressed by its Hamiltonian as follows:

15

quantum dots can be numerically



Where p, m and V are electron (hole) momentum, effective mass and confinement
potential respectively. Here xy points to the lateral direction along the QD base edges and
z is the direction along the height of QD.

The confinement potential is given in terms of the eigenfrequency, o as:

1
Vxy,, = Eme’h[wfy’e!h (2, F V2] e, (2.2)
and
1
Vz,, = Eme!ha)ievhzez’h ...................................... (2.3)

Finally, the discrete energy levels are formulated as :

m, X

E,.,=ho,,,(m +m +)+hae,,,m, +%) ........................ (24)

Here nis Planck’s constant divided by 2m ; m,, my and m, are positive integers that
describe the degenerate energy eigenstates so that the my, energy level Ey, in the equation
is represented by the combination of these integers i.e., m=m,+ my+m,.

Usually the self assembled quantum dot height (z) is a few times smaller than the
base diameter (xy) and the smaller the dimensions are, tighter is the quantum
confinement. In other words, the energy level steps become smaller for bigger

dimensions. Hence 7w, determines the energy difference between the wetting layer and
ground state while the electron and hole spacings are given by 7@, . Since the electron

effective mass is much smaller than that of the hole effective mass, it is expected that

electron spacing 7@, is several time bigger than hole spacing 7®, , [35,36]. This is

also depicted in figure 2.3. As the confinement potential becomes deeper, the energy
degeneracy becomes higher. For the sake of simplicity and also in compliance with
measured AFM, the height to base arm ratio is approximated ~ 1/2. Typically a deep
confinement potential can accommodate 5-6 discrete levels at best before the wetting
layer continuum begins. This can be experimentally verified by measuring PL spectra
which is also indicated in figure 2.2 Then based on this base to height ratio , the energy

level degeneracies up to 5" Jevels are So=2, s1=4, $,=8, s3=12 , s4,=18 and ss=24.
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Because of the dipole selection rules, interband transition is allowed exclusively
between electron and hole pairs having same quantum number, m which is the case of
electron-hole bipolar diode laser. On other hand intraband transition is possible between
any two electronic states that can occur in unipolar quantum cascade laser.

The ground state transition is given by:

E,=E, +%ha)” +%ha),hZ ....................... (2.5)

And excited state transitions are:

E, =Ey+mh@,, ,+ N0y ;). (2.6)

These discrete electronic (and hole) levels also influence the spontaneous lifetime for
radiative transition Ty, [37]. The reduced density of stated in an ideal QD is a delta
function. But in an self-assembled QD array, accounting for the inhomogeneous

linewidth AE = hA® ,the reduced density of state becomes [38]:

In2 NQD
E)=2,]—
pred( ) T AE/2

E-E,

2
Al 2.7)

M
Zsm.exp[—ln 2.4

m=0

Here Ngp is the areal density of quantum dot ensemble. Due to the inhomogeneous
linewidth, the spontaneous emission spectrum takes up Gaussian form. This reduced
density state term is applied to calculate the optical gain of quantum dots that will be

utilized in following chapter.

2.3 Material system and Photoluminescence:

Self-assembled quantum dot formation has been observed in numerous strained
material systems. Specific examples on GaAs substrate include InAs/GaAs,
InGaAs/GaAs, InAlAs/AlGaAs, InP/InGaP, just to name a few [28].Among these,
growth of InAs QDs on GaAs is one of the most well-established and widely exploited
material systems since it favors rapid formation of Quantum dots due to huge lattice
mismatch (7%). InAs QDs can be formed directly on GaAs or on InGaAs buffer layer
and variation of buffer layer material alters dot property significantly including their

energy states and surface density [27,39,40].

17



In present research work, InAs dots formed on GaAs substrate has been investigated in
order to be incorporated into the QD laser cavity. InAs dots offers multitude of benefits
that makes it a very promising material system for lasers. InAs dots have small lateral
size and deep confinement potential hence the energy level spacing is wider that directly
contributes to high characteristic temperature Ty [27,30]. The deep localized potential
also gives shorter emission wavelength which is useful for certain high power
applications.

Photoluminescence spectroscopy is employed to study and characterize the InAs QD
samples, this being a very powerful approach to characterize self assembled QD which
are based on direct bandgap semiconductors materials. The full width half maximum of
the spectra gives valuable information on dot inhomogeneous broadening. The peaks
appearing in the spectrum correspond to the confined ground and excited states. In
addition, the relative peak intensity of different samples can be compared to determine
material quality.

Here we present the photoluminescence spectra of an InAs QD PL sample grown in our
laboratory. The PL spectrum is exhibited in figure 2.4 along with the epistructure shown

on inset.
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Figure 2.4 Photoluminescence spectra of narrow linewidth InAs Quantum Dots

The single quantum dot layers were grown at 510° C by continuous deposition of
2.4 monolayer of InAs on GaAs substrate. After dot formation, they were capped by a
thin AlAs barrier. AlAs is believed to prevent interdiffusion and segregation of Indium;
otherwise the local fluctuation in dot sizes can increase the inhomogeneous broadening
[41]. The surface dot densities were measured around 3X10'%cm?®. The density can be
increased by vertically stacking the dot layers in the active region.

The PL sample was excited by CW He-Ne laser having emission at 632.8 nm at
room temperature. The PL data reveals that the dots are very uniform possessing only 22
meV linewidth whereas typical values are above 35 meV. This narrow linewidth directly
translates into higher optical gain as will be analyzed in following chapter. Owing to

stronger confinement the gain peak is at 1252 nm which is shorter than InGaAs 1.3
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micron dots. In specific high power applications such diode pumped solid state lasers; it
is required to have emissions in 800-900 nm ranges. This wavelength range can be
achieved by tailoring cap layer thickness and material composition and by incorporating

Al into the InAs dots.

2.4 Summary:

Self assembled III-V Quantum dots formed by Stranski-Kranstanow method is the
most viable technique to incorporate semiconductor nanostructures into the epitaxial
heterostructure laser. The dots formed in this way can be represented by a harmonic
oscillator model. The clearly defined energy states in QDs with nearly equal spacings are
in conformance with this model. Photoluminescence data of InAs quantum dot assembly
grown on GaAs is presented having only 22 meV linewidth which is an unprecedented

improvement over previously attained results.
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Chapter 3
High Power High efficiency QD Diode Laser Performance Analysis

As pointed out in chapter one, the chief source of limitation in collecting power
from planar QW laser arises from the inherent internal loss in the QW gain medium that
in turn imposes length restriction on a laser cavity [6] . This chapter attempts to
comprehensively analyze performance of a currently demonstrated high power QW laser
and draw comparison with a proposed QD laser .The projected QD laser performance is
simulated based on realistic parameters of QDs. The chapter begins with addressing
various loss mechanisms in semiconductor with emphasis on internal loss. Laser
parameters such as transparency current, threshold current density, forward voltage drop
and modal gain for QD lasers are calculated in a self-consistent manner to evaluate the

wall plug efficiency and optical power output that are achievable in this type of laser.

3.1 Optical losses in semiconductor laser:

Optical losses occurring in semiconductor can be broadly divided into mirror loss and
internal loss .This is illustrated in figure 3.1. Mirror loss basically accounts for the
portion of light that escapes from the cavity through its reflective facets of and is given

by the following equation.

am = ll
L

In which ¢, is the mirror loss, L is the length of the cavity and Rr and Rg are front and
back reflectivities respectively. This clearly shows that by making the cavity longer, the
threshold gain to offset losses can be made smaller; in other words the threshold current
density can be reduced. For semiconductor /air interface the reflectivity values are
typically around 0.3.But deposition of dielectric Bragg reflector (DBR) facet coatings can
produce Rp reflectivity values of 95% or more and antireflective coating on front mirrors
on the other hand can reduce the Ry values to 5% or less to facilitate more light output
coupling.
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Figure 3.1 Optical losses in a semiconductor edge-emitting laser

The internal optical loss is a combination of several loss mechanisms as enumerated

below:

-Free carrier absorption

- Scattering loss.

Free carrier absorption phenomenon occurs when either electron or hole in the
same subband absorbs light and makes transition within the same band. This transition
involves phonon for conservation of momentum. This type of absorption goes up with

free carrier density. This is the dominant loss component in laser diodes. The free carrier
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absorption is further made up of active region loss and cladding loss. The active region
loss depends on the injected carrier density in other words the threshold current; hence it
is largely dependent on the material properties of the laser. The cladding loss originates

from the p and n doped claddings. These loss terms are expressed as:

a

active

Gy ) oeeeeeeeee e, (3.2)

e,th

FWI
=-—"(o,n
Az

Ctatiing = Dhctatiing ToMtope + U etadaing T Patpe -+ erereevene (3.3)

Here I”’s are the optical field overlap integral which will discussed in next chapter in
waveguide design issues. Az is the active region thickness which is used to normalize
modal overlap. The o terms are free carrier scattering cross- sections that vary with
semiconductor material and wavelength. The scattering cross-section for holes in GaAs
are several times bigger than that for electrons [6,42].

The active region loss expression indicates that absorption loss can be greatly

minimized by lowering threshold carrier density in the active region,n,, (n,,) which is

by keeping transparency carrier density at a minimum level. Besides, careful optimization
of doping and waveguide profiles will further reduce the internal loss. However there is
always a trade-off in such optimization since reducing modal overlap causes modal gain
to drop and lightly doped waveguide introduces higher resistive paths for injected
carriers. Considering these factors, the best solution would be to keep the transparency
carrier as low as possible. Quantum dot have a clear advantage over QW in this regard as
we have discussed in chapter 1.

Lastly scattering losses come from inhomogeneity of the material and
heterointerfaces in the epistructure. This can be made negligible by improving crystal
growth quality and judicious choice of material. The appropriate material choices for

waveguide and claddings will be further discussed in next chapter.
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3.2 High power laser parameter analysis and optimization

Wall —plug efficiency is the single most important parameter to characterize high
power laser performance and this parameter is largely dependent on the internal loss of
the device. The excess power which is not converted into output light produces wasted
heat. It is a daunting task to remove wasted haste from the active region which calls for
expensive and bulky heat removal systems and cooling assembly. On the other hand,
unless efficiently removed, this heat causes the junction temperature to rise and
ultimately shorten lifetime of the laser [2].

Now we shall focus on wall-plug efficiency characteristics of an edge emitting

laser and its dependence on basic device parameters. The wall plug efficiency, 77, of an

edge-emitting laser is given as the product of internal quantum efficiency m;, optical

extraction efficiency nep and electrical conversion efficiency, Neiec as follows:

ut
77wp = ?

1

=X Wy XM g -+ -+ ...(3.4)

Though shown as separate terms, all the efficiency terms are interrelated. Trying to
optimize any one of these causes the other to change for example by reducing doping in
the cladding region and broadening the waveguide will bring improvement in optical
efficiency. However, lightly doped claddings will introduce larger series resistance which
will cause electrical efficiency to degrade and broader waveguides will cause n; to drop
[43]. Hence careful optimization is required to maximize wall-plug efficiency. However,
in semiconductor lasers, since the carrier density is pinned above threshold, the n; value
can approach 100%.

The wall plug efficiency expression can be further elaborated as:

1 1
In(— In(——
n.=nx (RF) X hvph(I_ITh) _ (RF) hvph(J_JTh)
wp ~ i 2 — i 2
paLain( oy ARV T Ly el IV
Fi'B Fi'p
... (3.5)
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Then the output power is expressed as:

1 1
In(—) In(—)
hv  (I-1 hv (J—J, WL
P, =1,% RFl <l n) RF1 T
204, L+1In( ) 9 20 L+1In( ) q
F*'B F*'B

... (3.6)
In these equations, input power P, = WL(J Zps +JVy) , Lis the laser cavity length, W is

the stripe width ,hv,, /q is the voltage related to the radiated photon energy, V. is the
forward voltage at the p-n junction active region with V. 2hv , /q, I is the electrical

current, I, is the threshold current, and R; is the electrical series resistance and «; is the
internal loss. In the second expression on the right in (3.5) and (3.6), the wall-plug
efficiency is expressed in terms of the current density J, current density threshold J,,, and
the electrical contact sheet resistance p,, because these parameters are more fundamental
to the semiconductor materials.

The maximum obtainable wall plug efficiency is formulated as:

hv
) ;
Moy =11 % X P 3.7)
2, L+ In( ) 1+ 1+V7F)2
RF RB ps JTh
. . V.
Which occurs at the current density J =J,, (1+ +1) (3.8)

sY Th

Hence the maximum wallplug efficiency depends on both operating power level as well

as intrinsic device parameters. It is clearly evident that the product ;L sets limit on

M.y ma and there is always a drop in maximum wallplug efficiency associated with an

increase of cavity length [28]. On the other hand, as expressed in equation (3.6), the

amount of output power level increases linearly with cavity length L. Therefore to
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achieve high power while maintaining high efficiency we need to increase the length of
the cavity. Decreasing o; allows us to implement edge-emitters as long as few cm’s
without sacrificing wall-plug efficiency.

In typical quantum well lasers having losses of ~2-3 per cm, it is almost
impossible to maintain high power output as the efficiency drops significantly. As this
efficiency reduction is tied to the internal loss in QW laser, it cannot be entirely
eliminated since a minimum number of carriers i.e. transparency carriers have to be
present in the active region to achieve optical gain for lasing.

Moreover by L is making longer, the threshold gain to lase gr, and the series

resistance Ry also become smaller as explicitly shown in following relation :

This also implies reduction in forward voltage to establish threshold gain, threshold
current density and bias current thus yielding higher electrical efficiency and reliability as
well. In following section we shall analyze performance of a QD laser and show that
through reduction in internal loss, the cavity length can be increased by at least an order

of magnitude thus enhancing the efficiency to a record level.

3.3 Quantum Dot diode laser internal parameter analysis:

This section is devoted to analyzing the operating characteristics of a bipolar QD
laser. The basic device parameters such as internal loss a;, forward voltage drop across
the active region Vg, threshold current density Jy, etc are solved in a self-consistent
manner in order to simulate high power performance of a quantum dot laser.

The quantum dot laser model is based on quasi-equilibrium distribution of carriers
in quantum dots. This model is fairly accurate at room temperature and at higher
temperature where the escape rate of thermally activated carriers is much higher than that
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of the radiative lifetime in the dots [12,13] .In quasi-equilibrium condition, it is believed
that due to extremely rapid thermalization (typically on the order of picosecond), the
electrons and holes can be approximated as occupying thermal distributions in their
respective energy levels in QDs. Hence the occupation probability of electrons and holes
can be described by Fermi distribution and quasi-Fermi levels determined by external
pumping level. In most of the practical applications, the active region temperature of
high power lasers becomes substantially higher than room temperature due to large
current density which validates this approach of quasi-equilibrium model.

We began our analysis by determining the internal losses of a QD laser in an
accurate fashion. Assuming that scattering loss can be made practically negligible for
reasons explained later, the remaining cladding loss and active region losses are

evaluated as follows.

3.3.1 Cladding loss calculation:

Recalling the expression for cladding layer loss as given in equation (3.3), it is
obvious that the losses in cladding are proportional to the optical field overlap in the
cladding region. For a given doping level, the cladding loss therefore is totally
determined by transverse mode profile in waveguide. The mode profile solution is based
on a simple numerical procedure that calculates effective indices in a multilayer slab
waveguide by applying boundary conditions for electric and magnetic fields in each layer
using Maxwell’s equations. For given thicknesses and refractive indices, the boundary
conditions in successive layers result in a series of 2X2 transfer matrices and the effective
indexes of corresponding to the guided modes that exclusively satisfy the matrix equation
set [44].0Once the effective index is known, the electric field intensity along the transverse
direction as well as the percentage of field overlaps in each layer can be computed.

The fundamental mode profile is used to calculate the cladding region overlaps in
a given waveguide structure. The waveguiding layer is typically GaAs and the cladding
regions are 70%AlGaAs though various other material compositions will be discussed in

next chapter. The InAs QD layers embedded in the waveguide are assumed to be a thin
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sheet (typically 60 Angstrom) in order to calculate the field profile. The mode profile
solution also yields confinement factor in the active region which is utilized in
calculating optical gain and active region loss. However the quantum dot surface density
is later taken into account for gain calculation which then gives correct expression in

spite of this approximation of thin sheet of InAs.

3.3.2 Self consistent solution of electron and hole Fermi functions:

The self consistent solution of electron and hole Fermi function is a very robust
method of obtaining fundamental device parameters such as threshold current, internal
loss and operating voltage. This calculation is founded on charge neutrality condition [12,
30] and threshold condition for lasing .As the electron and hole concentrations are found
from the quasi-Fermi levels Ep. and Ep, respectively, therefore these energy terms
contain the connection between threshold gain gy and its dependence on the electron and
hole concentrations. The electron(n) and hole(p) concentrations in an individual QD are

expressed in terms of Fermi functions fme and fmy, respectively as:

M, M, s,
n=>f, = X .
m, ¢ E —E,)/kT]+1
‘ me =0 XPUE =B JIRTIH L (3.11)
Mh1 Mh Smh
pP= ,,%( =)= mhzio exp[—(E, —E; )/kT1+1
........................ (3.12)

Where the summation runs over all the degenerate discrete levels in the quantum dot
having degeneracy of s, .The electron and hole levels are equally spaced, the difference
between successive levels being AE. and AE; respectively. Hence the electron and hole
concentrations can be further expressed in terms of ground ( m=0) level Fermi functions

fo. and fop, as follows:
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™ exp(m AE, / kT)(l—le ........................ (3.13)
Oe
Alh ‘S”
b S e, (3.14)
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Where, Fermi functions for the ground states are

1
- expl(E, —E)/KT1+1 (3.15)

fOe

1
- expl(E, —E, )/KT1+1

0h

In a QD having deep confining potential, charge neutrality condition is
maintained in the QD active region where radiative transition occurs .In such case, the
influence of wetting layer can be ignored too [12]. Then the charge neutrality condition
relates the electron, hole and any other charge concentration existing in the active region
in such a way that the opposite charges balance each other. For the case of simplicity we
assume that only free carriers exist in the active region (disregarding unintentional

doping) so that the charge neutrality condition can be expressed as:

where n and p expressions are given in the equations above. This relationship holds true

especially when injected carriers are efficiently being captured in active region.
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Therefore the quasi Fermi level separation (Ep. - Eg) is determined by charge neutrality
condition which in turn controls the carrier occupancies in discrete energy levels.
The ground state modal gain equals to the optical losses at threshold and for edge-

emitting laser at a particular lasing mode. The threshold gain is defined as [38,45]:

&l .
n ln 2 Fm ....................... .
goTh = : e AZAa) ZNQD (fOeTh — thTh )

sp

Here A is the free space wavelength, n is the refractive index in the cavity, Ty, is the QD
radiative spontaneous lifetime, I',/Az is the modal confinement factor normalized by the
active region thickness, A is the inhomogeneous broadening of energy spectrum having
Gaussian width, Ngp is the surface dot density, and (foeth - fontn ) 1S the inversion factor

for electron-hole energy levels. The value of 14, 1s given by [46]:

3
SO (3.19)

sp -2
na)ng‘d‘

Where g is the permittivity of free space, c is the speed of light in vacuum, wy is the

transition frequency, q is the electronic charge and ‘cf ‘ is the dipole.

At lasing threshold,

+&,. T

active

.................... (3.20)

Since active region loss 0,.ive depends on the carrier concentration in the active region,

therefore at threshold it can be expressed as:

r
= (Ot 40, PNy e (3.21)

active
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In which nt, and pp, are threshold electron and hole carrier densities respectively. At
threshold condition, Equation (3.17) and equation (3.20) can be solved simultaneously to
find the threshold carrier densities. The solutions will also give results for active region
loss.

The threshold current density then can be related to electron and hole occupation

probability and spontaneous emission rate as follows [30,38]:

qNop e S, 1
o |1- ..(322)
J [Emh _EFh,Th]

e kT +1 e kT +1

In which the selection rule for radiative transition is also taken into account.
Finally, since the forward voltage drop is actually the electron and hole quasi Fermi level
separation required to establish positive gain in the active region, thus it can be solved

once the Fermi functions values are obtained as shown below:

Vf:(EF —-E ) q

e, Th Fmn

The additional voltage drop above transparency, (Vg-hv,/q) is required to offset the
optical losses and maintain gain in the active region .The expressions derived here for
active region loss, threshold current density and forward voltage can be used to model the
high power efficiency and light output of QD lasers. The simulated results are presented

in following section.
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3.4 Calculated results

In this section we investigate the high power QD diode laser wall plug efficiency
characteristics for various laser designs that impact the internal device parameters such as
active region losses, threshold current, voltage drop etc. How basic QD parameters such
as dot density and hole level spacings affect the device performance are addressed. On
the other hand, the influence of waveguide design parameters on laser characteristics is
also explored. It is readily seen, that for a number of optimized design, the QD laser can
exhibit unprecedented improvement of wall plug efficiency through huge enhancement in
cavity length. Comparative results of a best performed QW laser and a simulated QD

laser will be presented based on optimized data as calculated.

3.4.1 Cladding loss and Confinement factor results: The cladding losses and
confinement factor by and large depend on the thickness of the waveguiding region.
Typically the design rule is to maximize the optical confinement factor in the active
region. But it comes at a cost of increased free carrier absorption in the active region and
scattering losses due to large optical field overlap. For a given waveguide and cladding
material composition, there is a certain thickness range at which the maximum overlap
occurs in the epi-growth direction. Here we simulate the optical losses based on device
data of our present 1.3 micron QD lasers that are designed for maximum confinement.
The cladding losses can be calculated accurately for a known waveguide structure and the
scattering losses can be obtained from experimentally measured internal loss values.
Based on that, the scattering loss values can then be extrapolated for different waveguide
thicknesses.

The device structure consists of two stack InAs QD layers embedded in a 2200 A’ thick
5%AlGaAs waveguide and surrounded by 85% AlGaAs cladding layers on both sides
having doping levels= 5x10'” cm™ [27].The normalized confinement factor is calculated
as 3.4X10%m.The absorption cross-section values used are c5n:3X10'18 cm? and op=7X10"
'8 ¢m? which are fairly accurate for GaAs and 0.98 micron wavelength [6]. The total

internal loss was measured 1.8 per cm in which cladding loss was calculated 0.46 per cm.
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Based on the threshold current density, the active region loss is estimated at 0.075 per cm
so that the major contribution comes from scattering loss=1.26 per cm. The plot in figure

3.2 shows that the confinement factor peaks at around 2200 A" and deviates on both side.
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Figure 3.2 Optical losses and confinement factor vs. waveguide thickness

In the same plot it is evident that when the waveguide is made broader, the cladding and
scattering losses drop quite faster compared to the confinement factor. For example, at
waveguide thickness =7500 A’ the confinement factor drops to 57% of the maximum
confinement value but on the other hand the cladding overlaps are reduced by a factor of
4. It is clearly evident from the plot that as we make the waveguide thicker, the cladding
losses substantially go down and can reach values as low as 0.05 per cm. By further
reducing doping levels in cladding, these losses can be made close to zero. This kind of
waveguide design issues will be discussed in details in next chapter. The scattering losses

which we assume to come mostly from cladding/core heterointerfaces also drop
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significantly as the mode is spread out in wider waveguide. Wider waveguide also
simultaneously forces the modal confinement to drop which means the gain coefficient
becomes smaller. This effect can be compensated by making the QD arrays more
uniform. Besides as long as the lasers operate well below ground state gain saturation, the
reduction in modal gain does not pose any problem considering that the threshold current

density is also small in QD lasers.

3.4.2 Active region loss calculations: The close hole spacing in QDs compared to
electron spacing are diagnosed as the major limiting factor in QD laser performance. The
electron level spacings can be as wide as 80-90 meV whereas the hole level spacing are
only around 10 meV [35,36,47]. In such cases, the carriers in hole levels are thermally
smeared out among a number of levels that forces the injected carriers into individual
quantum dot to go up to maintain sufficient population in the ground state to lase [47,48].
This ultimately increases threshold current, forward voltage drop and most importantly
active region loss. The hole spacings also determine the occupancy probability of carriers
in higher energy levels.

The following plot in figure 3.3 shows the number of electrons (holes) in each dot
versus the occupied energy levels for hole spacings, AE, of 10, 20 and 50 meV. The QD
characteristic parameters used in this calculation were: A=0.98 micron, QD density Ngp =
3X10" /cm? (single stack), electron spacing AE. =90 meV, inhomogeneous linewidth
hA@=30 meV, radiative lifetime 1,,=800 pS and the height/base ratio (h/D) is taken as Y2
for degeneracy calculations. The waveguide consisted of 1 micron thick GaAs core and
70%Al1GaAs cladding with doping= 5X10'cm™ yielding cladding loss of 0.025 per cm

and modal confinement of 1.7X10° /cm.
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Figure 3.3 Carrier occupancy in dots for different hole level spacings

The plot shows that when the hole level is as large as 50 meV, only the ground
states become occupied containing one pair of e-h per dot on average. However, for 10
meV spacings, this number goes up to 6 e-h pair per dot and regardless of the spacing, the
carrier numbers tend to saturate around 7 kT that accommodates around 12 discrete hole
levels in the worst case. Usually for deep confinement potential, the barrier height
between ground state and wetting layer is also close to this value. Hence for further
calculation we include up to 12 discrete levels to examine the effect of hole spacings on
other parameters. It may be mentioned that by controlling growth condition and tailoring
dot material, wider hole spacing can be obtained. The other attractive scheme is to
introduce p dopants in the QDs which has already proven to improve differential gain and

characteristic temperature Ty in p-doped QD lasers [27,48] .

35



We also examine the effect of dot density on the device performance. The dot
density can be increased by vertically stacking Quantum dot layer separated by a thin
GaAs spacer.

Here we present plots in figure 3.4 showing waveguide thickness dependence on
active region loss. The effect of increasing dot density is also taken into account. The
curves are generated for three distinct cases of hole level spacings namely 10, 20 and 50
meV. The cavity length is chosen to be 1 cm and Rr and Ry values are 0.05 and 0.95
respectively. Here we notice in 3.4(a) and (b) that the active region losses do not change
too much with waveguide thicknesses but the total internal loss changes dramatically as
evident in 3.4(c). However the active region loss improves quite a bit as the hole level
spacings are made wider as expected. Also in case of three stack QD, the active region
losses have around threefold increase compared to single stack.

This increment can be explained due to enhancement of transparency carriers in
the active region in triple stack QDs. This also contributes to higher threshold current
density in three stack QD layers. However the forward voltage drop Vg goes up slightly
with increasing waveguide thicknesses (not shown) due to the smaller gain coefficient

value that forces the quasi Fermi separation to become larger.
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Figure 3.4 Active region loss for different waveguide thicknesses having (a) 1 stack QD

and (b) triple stack QD and (c) total losses vs. waveguide thickness for same structure.
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The following plot shows the dependence of cavity length on active region losses
calculated for 1 micron thick waveguide in case of 10, 20 and 50 meV hole spacings of

single and triple stacked QDs again.
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Figure 3.5 Cavity length dependence on active region losses

As the cavity length increases, we expect the threshold gain to go down due to
lower mirror losses and this behavior is exactly reflected in the plot. We again find that
in case of single stack widely spaced hole levels, the loss terms are at minimum level.
Upon comparing figures 3.4 and 3.5 we also notice that the major loss component is loss
due to cladding loss with the exception of 10meV triple stack QDs in which the active
region loss exceeds the cladding losses at thicknesses above 6000 Angstrom.

On the other hand, due to gain enhancement the forward voltage drop across the
active region improves slightly as we increase the dot density . Later we are going to

inspect the overall performance of single and triple stack dot layers lasers and the impact
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of active region loss, threshold current and voltage drop on maximum obtainable wall-

plug efficiency. The following table compares these parameters for single and triple stack

QD layers having 1 micron thick waveguide and 1 cm long cavity. The hole spacings are

taken as 20 meV.

Table 3.1
Parameters Single stack Triple stack
Active region loss 0.014 per cm 0.034 per cm

Threshold current density

3.5 Amps/sqcm

7.7 Amps/sqcm

Forward voltage drop

1.295V

1.275V

3.4.3 Wall plug efficiency characteristics: Now we investigate the effect of waveguide

thickness on maximum obtainable wall plug efficiency for the same cavity and

waveguide configuration with the exception of lighter doping at 5X10'° cm™. As seen

from the plot below, the maximum efficiency peaks at almost 93% at thickness around

7000 Angstrom. For thinner waveguides, the efficiency is limited by internal loss (mostly

cladding losses) which drops with increasing thickness. However beyond 7000 Angstrom

the efficiency rolls off due to increasing forward voltage drop with waveguide thickness

which is also more pronounced for low doped cladding and shorter cavity lengths. The

waveguide design issues will be more closely examined in following chapter.
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Figure 3.6 Complex behavior of maximum wall plug efficiency due to interplay between

internal loss and forward voltage drop

The influence of p doping the QD has been taken into account as well.
Introducing p dopants helps in reducing the transparency density but on the other hand
the active region losses go up due to the free carrier absorption by the dopants
themselves. As a result we don’t see any considerable improvement on wall plug

efficiency as shown in table 3.2 The waveguide thickness is 6000 Angstroms in this

calculation.
Table:3.2
Acceptors per dot Active region loss Maximum Wall plug efficiency
0 0.0075 per cm 88.75%
2 0.0086 per cm 88.52%
5 0.015 per cm 87.36%
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So it is more plausible to employ widely spaced hole levels instead of p doping the QDs

when internal loss is the limiting factor rather than the differential gain in device
performance [27,47].

The key contribution in improving high power performance is a due to longer
cavity lengths in QD lasers therefore we compute the optimum cavity length values at
which maximum power conversion efficiency can be reached. First of all, in order to
choose a range of suitable waveguide thicknesses, the wallplug efficiency of a 1 cm long

cavity for different waveguide thicknesses is calculated .This is shown in figure 3.7.

100 100 —

| —— 1 QD stack
------ 3 QD stack

Cavity length=1cm|
AE =20 meV
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S
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)
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T
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Waveguide thickness(Angstrom) Waveguide thickness(Angstrom)
(a) (b)

Figure 3.7 (a) Maximum wall plug efficiency variation with waveguide thickness for a
single stack QD active region .Plot (b) shows that the efficiency values are slightly better

for single stacks compared to triple stacks.

The device parameters used in this calculation are : stripe width = 100 micron, sheet
resistance=7.5X10" ohm-sqcm and internal efficiency is assumed 100%.Plot (a) shows
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that the wall plug efficiency can reach a very high value which is around 90% for 20meV
hole spacing in a single stack QD laser. The efficiencies improve considerably for thicker
waveguides (>7000 AO).It is evident from plot (b) that the efficiency is better for single
stack quantum dots than triple stack dots inspite of smaller gain. The hole spacing is
chosen 20 meV again in the later plot. This is very important to note since usually it is
believed that stacking QDs can bring improvement in high power characteristics [28].

The maximum achievable wall plug efficiency for particular cavity lengths is then plotted
out for 1 micron thick waveguide using 20 meV hole level spacing. The peak value
approaches nearly 93% at cavity length~1.5 cm which is almost fivefold increase in

length compared to typical length values for QW lasers.
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Figure 3.8 Maximum wall plug efficiency as a function of cavity length shows that QD

lasers can be several cm long while maintaining efficiencies higher than 90%
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Finally we present projected result of a QD high power laser based on internal
loss, optimized cavity length and a reasonable threshold current density and compare side
by side to that of a planar QW laser which has been recently demonstrated [8]. The key

parameters are given in table 3.3 .

Table 3.3
Parameter QW QD
Cavity length (L) 0.3 cm 1.5cm
Internal Loss ( a;) 0.34 per cm 0.05 per cm
Threshold current density(Jtp) 90 Amps/sqcm 20 Amps/sqcm
100 70
—=—QD high power laser
cc —O—QW high power laser {60
_ 80F
S} ‘ ‘ 450
' | High power regime T
5 60 £
5 140 ¢
2 a0 430 8
o —~
& g
= 420 —
20 H
- 10
0 1 1 1 1 1 1 0
0 10 20 30 40 50 60

Injection Current (Amps)

Figure 3.9 Projected high power operation of QDs compared to QW high power lasers.

Dotted lines show limited power and efficiency in QW lasers.
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The other parameters ( 1i, Rg,Rp, A,ps etc) are identical in both cases. As expected, the
operating range for QD laser is remarkably extended towards the high power end while
maintaining wall plug efficiency as high as 90% or more .On the other hand the
theoretical maximum efficiency for QW lasers is around 75% for L=3 mm at drive
current of 4 Amps and sharply drops above that. By the time the power output reaches
16 Watts, the efficiency drops to only 50% while in case of QD lasers the conversion
efficiency is above 80% even when the output power level reaches close to 50 Watts.

We have not yet considered the effect of reduction of injection efficiency in
broader waveguide which can affect the high power results. However through band

engineering and proper waveguide designs this effect can be kept small [2, 43].

3.5 Summary: The high power quantum dot laser operating characteristics has been
presented in this chapter. Brief description of optical losses encountered in a
semiconductor is given with emphasis on free carrier absorption in active region.
Equations to analyze high power performance in a semiconductor lasers are formulated.
The device parameters for a QD laser are calculated in a self-consistent fashion based on
quasi equilibrium model and charge neutrality condition. Besides waveguide parameters
such as mode profile and cladding layer losses are computed using Maxwell’s wave
equations for electric and magnetic field. It has been discovered that the closely spaced

hole levels can severely degrade QD performance. However by engineering the dot
growth and material, the hole level spacings can be made wide enough to overcome this
problem. The dot density also affects the efficiency characteristics of the laser. It has
been concluded that the QD laser will best perform in high power regime when a single
stack QD layer having widely spaced hole levels are embedded in a broad waveguide. In
this kind of configuration, the optimized cavity length can be as long as several
centimeters without sacrificing wall plug efficiency. In these long cavity low loss QD
lasers, the wall plug efficiencies can reach an unprecedented level of greater than 90%

which is impossible to achieve in a planar QW laser.
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Chapter 4
Design, Device Processing and Characterization of QD Diode Lasers for

High Power Application

For high power operating range of QD laser, there are several design criteria that
should be taken seriously; starting with waveguide design, then fabrication and lastly
proper mounting techniques for characterization since at high drive current there is
significant device heating that may cause junction failure. We shall focus on all these
design issues in this chapter. Besides preliminary device results will be presented that

provide valuable insight into how to improve high power characteristic of QD lasers.

4.1 Design considerations: As we have discussed in previous chapter, broad waveguides
are considered as very promising candidates to keep internal losses at ultra low level. But
it comes with a cost of several demerits for example evolution of higher transverse order
modes, somewhat inferior injection efficiency etc [8,43,49]. In section 4.1.1 we propose
several schemes to combat these detrimental effects.

From material point of view, it is important to combine a number of design rules in
realizing the laser epistructure; choice of appropriate material system, optimization of
doping level etc to name a few. These topics will be addressed in section 4.1.2. On the
other hand from device point of view, we need to consider several critical aspects such as
capability of withstanding high current, ease of fabrication that can provide rapid turn out
for feedback to the epistructure growth experiments and so on. These issues will be
discussed in section 4.1.3 and 4.1.4.

4.1.1. Waveguide design and mode profiles:

The optical confinement factor is the key parameter to describe a waveguide. It gives the

fraction of optical power contained in the active region and is expressed as [30]:

2
I nactive Eact[ve

2 2 2
.[ nacrive Eacrive + J. nguiding Eguiding + J. ncladding Ecladding

I'=

On the other hand, in order to estimate cladding losses, we need to consider the cladding

layer field overlap which is given as:
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2
j n cladding E cladding

N 2 2 2
I nactive Eact[ve + j nguiding Eguiding + j ncladding Ecladding

Here n’s are the refractive indices of relevant layers and E’s are the electric field
intensities. Upon comparing these two expressions, it is apparent that trying to maximize
one causes the other to degrade. So it calls for careful optimization of waveguide
thicknesses, material combination, placement of active region, doping density in the
claddings and so forth.

Here we present graphical solution of a waveguide mode profile in figure 4.1
having two different waveguide thicknesses namely 2200A° and 7500 A° that illustrates
the consequence of broadening the waveguide. The transverse field profiles were
calculated at A=1.25 micron for 5% AlGaAs waveguide and 85% AlGaAs cladding
having single stack InAs Quantum dot active region layers. As the waveguide thickness
becomes 7500 AO, very little amount of evanescent mode tail remains in the cladding
region thus giving ultra low cladding losses. Besides, broader waveguide has other
benefits too for example due to smaller optical density the catastrophic optical mirror
damage (COMD) which is identified as one of most common reason for high power

semiconductor laser failure; can be avoided [2,50,51]
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Figure 4.1 Transverse electric field profiles of two different waveguide thicknesses
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However recalling the waveguide equation for the number of modes that are supported in

a planar waveguide:

2 2
kO d \/n guiding - ncladding
T

N yoses = Int(

We see that upon increasing waveguide thickness d, the number of modes also goes up
linearly. Here ko is the free space wave number. In order to prevent higher order modes
from lasing an ingenious scheme can be followed [8] .By positioning the active region
asymmetrically in the waveguide region, the multimode lasing can be inhibited as shown

in figure 4.2 .
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Figure 4.2 Asymmetric positioning of active region prevents lasing of higher order modes

The mode profiles shown here were calculated for 7000 A° GaAs waveguide
having 85% AlGaAs cladding layers. When the quantum dot layer is placed in the

middle where maximum confinement for fundamental mode occurs, it also coincided
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with the 2™ order mode. However as we shift the position of the dot layers approximately
1000 A ° away from the center, the higher order modes are discriminated, thus prevented
from lasing. We calculate that in this way the modal overlap reduces from 2.26X10%m
to 2.1X10°m which is only around 7% reduction in confinement factor.

Another drawback of broadened waveguide is that the injection efficiency suffers
at higher current level [49]. Since the hole mobility is almost an order magnitude lower
than the electron mobility in AlGaAs, therefore by placing the active region closer to p
interface can mitigate this effect. Besides injection efficiency can be further improved by
grading the cladding/guiding layer interfaces,.

We also consider the possibility of employing an asymmetric waveguide structure
with lower Al composition on n cladding and higher Al composition on p cladding. The
benefit of this kind of structure is that it pushes the mode deeper into the n side and as the
electron absorption coefficient is smaller than that of holes, the cladding losses can be

further cut down as shown schematically in figure 4.3.
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Figure 4.3 Asymmetric waveguide structure having different Al composition on p and n

sides
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Moreover, the higher order cut off thickness in this kind of asymmetric waveguide also
decreases since the number of mode depends on the difference of cladding —waveguide
refractive indices difference. This is depicted in figure 4.4.

Therefore this kind of asymmetric waveguide also gives us freedom to place the QD in

any convenient position.
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Figure 4.4 1% order cutoff thickness vs. Al composition

4.1.2 Choice of material for epistructure: A typical epitaxially grown structure of a QD
diode laser relevant to our discussion is presented here for reference. The active region
consists of two stack InAs QDs. The sample is grown on n doped substrate. The cladding
materials are high Al containing AlGaAs layers and the waveguiding layer is GaAs. In
case of multiple stacks of QD, there is a thin GaAs spacer in between the QD layers. The

topmost layer is a heavily p doped (usually 10" ¢cm™) contact layer.
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Figure 4.5 Epitaxial structure of a typical QD laser

The right choice of material is crucial because it affects the quality of dot formation and
can cause significant amount of alloy and interface scattering if not chosen correctly.
Also the cladding—waveguide interface should be band-engineered for efficient carrier
injection into the active region. The appropriate combination of doping levels in each
layer as shown in figure 4.5 is also of importanance since it influences both cladding

losses and device resistance.

Choice of waveguide:

The most common choice of waveguide material is 5% AlGaAs which has lower band
discontinuity with the cladding AlGaAs layers compared to GaAs. Hence the forward
voltage drop across the active region can be somewhat reduced. Also carrier confinement

in the active region is stronger in 5% AlGaAs. Alternatively, GaAs waveguides have
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already been demonstrated as a better candidate by keeping the losses at a very low level
[8]. It is believed that growth of GaAs helps in planarizing growth surface fronts which
results in less interface roughening and uniform crystal growth. Also it eliminates alloy
fluctuations in waveguide which can cause additional scattering losses.

As for the cladding material choices, the choice of AlGaAs compounds are dictated by
the quality of material grown in MBE system and the amount of modal overlaps in
cladding region. The right decision can be made based on empirical results obtained from
studying grown material quality. While in MOCVD lower Al content is shown to give
better material growth, in case of MBE it is the other way around [52]. Therefore AlAs
epilayers are of best quality having the least alloy scattering and furthermore the hole
mobility is also higher in AlAs compared to 70% or 85% AlGaAs. Besides, AlAs has the
smallest cladding overlap hence cladding losses can be minimized too. However in edge
emitting lasers as the facets are exposed to air unlike VCSELs , AlAs decomposes even at
room temperature causing mirror damage.

The other choice can be either 85% AlGaAs or 70% AlGaAs, both of which are widely
accepted as cladding materials. In terms of heretobarrier discontinuity, 70% AlGaAs
clearly has advantages but intuitively, 70% AlGaAs may give higher cladding losses than
85% AlGaAs. However, we have calculated the losses and comparison of the losses
show that it does not differ too much. On the other hand local alloy fluctuation is smaller
in 85% AlGaAs. So as mentioned earlier, either of the material can be suitable depending
on the maturity of crystal growth which in turn depends on specific growth systems in
use.

The other matter to consider is the doping profiles in the cladding to keep the cladding
losses at the lowest level. The doping profile can be graded so that near the
heterointerfaces the doping is lesser and as the mode tail drops, the doping level can be
gradually increased. This scheme is advantageous since it doesn’t increase the device

series resistance too much which is the case in lightly doped cladding layers.
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4.1.3 Device Features:

Processing is an integral part of implementing semiconductor devices on wafers having
epitaxially grown active layers. The device pattern and geometry are defined by
sequences of processing steps. Processing of the devices under consideration is quite
straightforward since they are processed as simple edge-emitting waveguide structures
using well-established and matured III-V GaAs/AlGaAs processing technology.

However there are specific aspects of processing that need to be carefully considered for
high power lasers. The devices should be capable of handing high current density with
improved heat management scheme. Additionally, the current needs to be effectively
confined within the ridges; but more importantly since the sheet resistance scales down
with the device area, it is more beneficial to have broader stripes. The decision of device
size is therefore a compromise between these two issues. Narrower ridge widths ensure
good confinement of current, on the other hand broader area stripes can sustain higher
power. Narrow ridges also help reducing threshold current which leads to less heat
dissipation but at the cost of higher waveguide losses. Typically ridge widths of 60 - 100
micron are chosen for high power diode lasers which perform reasonably well at high
pumping level. In case of broad area devices, the device width is determined by the metal
stripe width instead of the ridge width since there is negligible current spreading in lateral
direction compared to the higher conduction path through the junction in transverse
direction once the diode turns on. But it is very important to make sure that the adjacent
ridges are electrically insulated from each other. Usually this is done by shallow mesa
wet etching. This technique is particularly attractive because of its simplicity and also as
no additional insulating layer is required (for example oxide layers), the thermal
conductivity is not compromised either. The choice of metal is also crucial for high
power operation because one of the most common reasons for device failure is contact
burn out. We shall discuss the choice of p and n contact metals in experiment section.
Another essential feature dimension of the devices is their cavity length which is simply
determined by cleaving the sample along <110> plane. The cleaved facets provide only

30% reflectivity which is inadequate for output coupling. Hence additional dielectric
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mirror pairs are needed to be deposited on the facets. The mirror pairs normally used are
MgF,/ZnSe which gives reflectivity close to 98% when five pairs are used. This
combination is also reliable on GaAs substrate having good surface adhesion and thermal
match.

Once the device is processed, it has to be modified for mounting on systems suitable for
high power calibration. The detailed processing sequence will be elaborated in following
section 4.2.

4.1.4 Bonding, packaging and heat management issues:

When dealing with high current densities, mounting of devices can be a sensitive issue. In
general, the cleaved devices are mounted epilayer up on a heat sink, which is typically a
polished block of Copper. Electrically conductive silver epoxy can be used to bond the
laser bars down to the Cu block. However there is a thermal mismatch between GaAs and
Cu which can cause additional stress. Careful choice of solder materials such as Indium
can relieve this stress. Also there should be good contact between the probe and the metal
to keep the contact resistance very low. Specially designed gold tip probes are well-suited
for high power characterization.

Epilayer up configuration has its advantages for example the as-cleaved mirror facets
near the active region are left intact and pristine in this way. But the devices have to be
polished and thinned down for efficient heat removal which makes them fragile to
handle. So, in high power regime where there is substantial heat generated in the active
region, it is better to mount the device episide down. This configuration can significantly
improve device performance in CW condition [53].

Our initial devices that are presented here were run under pulsed condition hence there
wasn’t the urgency of heat removal. However once they operate in CW condition, custom
designed conductively cooled packages with TE coolers can be used for better thermal

management.
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4.2 Experiments and Results

Here we describe the sequences of processing steps of the MBE grown sample to
fabricate edge emitting lasers with a brief account of the growth conditions. Several
devices were grown and processed in order to study the lasing condition in the quantum
dot lasers. The characterization techniques are also outlined and finally selected device

data obtained from the experiments are presented.

4.2.1 Device Fabrication and processing: The QD lasers were grown on epi-ready n*
doped GaAs ((100) substrate in Applied Epi Gen III MBE system. The growth
temperature for AIGAs cladding and waveguides were maintained at 590° C. During
growth of QDs, the temperature was lowered down to 510° C. Description of the dots that
are grown is given in chapter 2 .The bottom cladding was Si doped at 2X10" cm™ and
near the undoped waveguide, the doping was reduced to half. The top p cladding was
doped with Be having similar doping profiles and finally the device was completed with a
heavily doped contact layer reaching doping level around 10" cm™. The cladding layer
thicknesses were approximately 2 micron each and the waveguides were around 2200 A’
In case of multistack QDs , the QD layers were separated by 300 A’ GaAs spacer.

The grown wafer is processed into broad area ridge waveguides having n and p ohmic
contacts for electro-injection. The choice of metal is governed by the metal work function
and the electron affinity of the doped semiconductor [54]. First of all, a piece is cleaved
with minimum surface defect density. After thoroughly cleaning with Acetone, Isopropyl
alcohol and DI water, the sample is dipped into aqueous HCI solution in order to remove
any native oxide before metallization. The next step is metallization of n-contacts on the
back side of the n+ substrate. The n metal is usually deposited on the entire back surface
for uniform injection of carriers and stable contact with the mount.

The n metal is comprised of Gold-Germanium alloy (AuGe, 400A") followed by Nickel
(Ni, 100°) and finally Gold (Au, 1000 A°) that are sequentially deposited in UHV e-beam
evaporator chamber. The AuGe forms alloy with GaAs while Ni acts as a diffusion

barrier. Au is used as the top contact for its better electrical conductivity and stability
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against oxidation. Once the n metal is formed, it is annealed in Rapid Thermal Annealing
(RTA) furnace at 450 ° C for 30 sec which is purged with dry nitrogen during the process.
The Ge atoms from Au-Ge diffuse into n+ GaAs to form low-resistance ohmic contact as
the furnace temperature is well above the eutectic temperature ( 360 % C) RTA also
provides better adhesion to the surface [55].

The broad area ridges (typically 30-60 micron wide) are defined by the p metal stripes
which are patterned using optical UV photolithography. Positive photoresist is used for
higher resolution. After pattern registration, the sample is put back into the e-beam
evaporator for p —metal deposition. The metal combination used as p contact is
Chromium (Cr,350A°/ Silver (Ag,2000A°%) /Au(1000 A”) .Here insertion of thick silver
layer promotes better thermal conductivity and stability which is important for high drive
current. The thick p metal also gives less voltage drop in in-plane direction [30]. This is
then followed by a standard lift-off procedure upon immersing the sample in acetone.
Finally to electrically isolate the ridges, isotropic wet etching is performed using H,SO4
:H,O, : HyO: : 1:8:80 . This etchant gives around 80 A% 120 A° /sec etch rate on GaAs
and AlGaAs at room temperature. Stripes of a 60-100 micron width are patterned to
cover the metal ridges prior to etching. The feature sizes of the mesa are determined by
the metal stripe width considering the consequences of lateral undercut of 2-3 micron on
both sides. A small piece is first etched to calibrate for precision. Next the top contact
layer and the p cladding are removed and the etch front stops at the undoped waveguiding
region. Care should be taken not to etch down past the active region which can cause
non-radiative recombination at the exposed side-walls. The last step is to cleave the
processed sample into desirable lengths and mount them on Cu mounts using silver
epoxy for characterization as described in previous section. The processed ridge

waveguides are shown in the schematic below.
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Figure 4.6 Processed QD broad area edge emitting laser used in the experiment

4.2.2 Characterization of processed devices: The characterization methods described
here are Current-Voltage (I-V), Light —Current (L-I) and Electroluminescence ( EL) , all
of which were taken at room temperature. These techniques are fairly straightforward
hence can be carried out routinely to provide rapid feedback for device design and crystal
growth.

Once the devices are mounted, individual ridges are inspected to see if there is any
current leakage or shorting of devices due to improper mounting. This is done by I-V
characterization using curve tracer. [-V characterization is also particularly useful
because it shows the device turn on which can reveal whether the p-n junction has any
defects during growth. Typically for InAs QD lasers, the forward turn on voltage is 0.75
Volts.

The L-I experiments generate the threshold current and slope efficiencies of the lasers.
The devices under test were driven by electric pulses having pulse width of 200 nSec and
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0.5% duty cycle. The emitted light from the end facet was collected into a broad area
Germanium detector. The L-I set up was calibrated for maximum light output collection.

Once the devices show lasing behavior, EL experiment is carried out on selected devices
that exhibit stable behavior well above threshold. The light output is coupled to a fiber
which is connected to the entrance slit of a spectrometer. A liquid Nitrogen cooled Ge
detector is placed at the exit slit of the spectrometer. The devices are driven above
threshold and lasing output is collected by the fiber and spectral output is recorded and
plotted via data acquisition software. Besides, to obtain the inhomogeneous linewidth of
the QD ensemble, some spectral data are also taken for spontaneous emission below

threshold.

4.2.3 Experimental results:

Initial attempts have been made to combine the narrow linewidth InAs QD ensemble ( 22
meV) into the waveguide structure. The waveguide material in all cases was 5% AlGaAs.
However due to imperfect material quality, AlGaAs in particular ,the QDs tend to
interdiffuse and broaden when grown within a laser cavity. Here we present device data
of three different QD lasers that show room temperature lasing at reasonably low
threshold current density.

The first device (run # SF 48) has three quantum dot stacks to ensure that the lasers have
sufficient ground state gain to lase. The cladding material was 70% AlGaAs.As we see in
the plot , ground state lasing at A=1.25 micron was achieved having the threshold current
density of 87 Amps/cm® which is comparatively higher owing to multiple stacks.
However the spontaneous linewidth was measured 28 meV which is quite a bit of

improvement considering that typical values are 35-36 meV.
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Figure 4.7 Lasing characteristics of triple stack QD laser at room temperature

The next device ( run#53) had single stack quantum dots and the cladding
material was 80% AlGaAs. Though the threshold current became less than half (43
Amps/cm?®), however the spontaneous linewidth increased to 35 meV. The possible

reason for broadening is attributed to increased surface roughness caused by 80%

AlGaAs.
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To improve carrier confinement [49, 51], a different waveguide design with 70% AlGaAs
and one micron thick 30% separate confinement heterostructure (SCH) was implemented
( run# 74) but however both the threshold and the inhomogeneous broadening
deteriorated . It is believed that the undoped SCH layer causes high voltage drop hence
the threshold current increases which also shows poor thermal behavior. Moreover, 30%
AlGaAs causes more surface roughening as well.
These device data reveal that dot uniformity is strongly correlated to the cladding

material, mainly Aluminum composition. Besides it is critical to have the right
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combination of waveguide/cladding material to suppress thermal escape of carriers which
becomes more severe in high power domain. The threshold current data values give good
insight into this issue. Therefore these laser data gives us sufficient feedback on how to
improve and optimize the waveguide structure to obtain high quality quantum dots and

ultimately achieve ultra low optical losses.

4.3 Summary: The critical design issues for realizing low internal loss and high
efficiency QD laser diodes are addressed with especial emphasis on material selection for
waveguide and cladding. The drawbacks associated with broadened waveguides and
techniques to overcome those are proposed. The fabrication aspects to obtain the right
kind of device features and dimensions for high power lasers are mentioned as well. In
order to have reliable CW operation, the high power laser diodes should be capable of
managing generated heat that has been outlined too.

A detailed account of fabrication and processing steps followed in implementing several
QD laser diodes are given. Preliminary device data reveals valuable information
regarding QD ensemble. It is believed that the quality of dots is seriously affected by the

Aluminum composition of the underlying epilayers.
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Chapter 5
Limitations of Planar Quantum Well Cascade Laser in

High Operating Power Range
5.1 Introduction:

Quantum Cascade laser based on intersubband transition in Quantum wells has
already been proven as a viable candidate for high power mid infra-red applications
owing to its large gain due to multiple stages, non-existent Auger recombination and its
wide tunability ( 3~ 160 um) [14,56,57]. Achieving high continuous power at room
temperature with high wall plug efficiency is a key requirement in order to develop
compact systems having practical applicability. In spite of remarkable and steady
advancement of basic design and material growth since its first demonstration over a
decade ago, the planar QCL still suffers from low operating efficiency compared to diode
lasers that severely restricts its performance at high level of continuous drive current.
Often attributed to loss in injection efficiency [55,58,59], we alternatively propose that
this inefficiency stems from a more fundamental limitation tied to the band structure of
quantum wells themselves. The objective of this chapter therefore is to understand the
physics of this basic limitation occurring in planar quantum well cascade lasers by
investigating the limiting factors and their influence in power output. By doing so, we
also evaluate the prospects of tailoring the basic parameters for substantially improving
device performance.

The chapter is divided as follows: The key features of the QCL are discussed in
section 5.2. In section 5.3 theoretical background is laid for understanding various
scattering mechanisms of electrons occurring in QWs in a cascaded structure. Basic laser
rate equations for QWCLs are derived in section 5.4 followed by presenting simulated
results in 5.5. We also provide simulations based on realistic parameters that can be

obtained in a QD cascade structure.
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5.2 Basics of Quantum Cascade Laser:

The working principle of Quantum cascade laser is based on two specific
schemes: Firstly, “Unipolar Injection” which implies intersubband or intersublevel
optical transition within the conduction band as opposed to bipolar devices where the
transition occurs between the conduction and valence band [60] .So the emission
wavelength in QCL is totally free from band gap slavery and can be tuned over a wide
range of wavelengths.

Secondly, “Photon Recycling”, which accounts for the cascading nature of

carriers with multiple gain stages. These two unique criteria are shown in fig 5.1.

UNIPOLARITY CASCADING SCHEME
optical transition more photons
between sub bands per electron
—_—

— b

i

|31:::=- lfj
i

Figure 5. 1 Unipolarity and Cascading in QCL [60].
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The QCL structure consists of multiple periods of cascaded injector-active
region. Electron streams down energy staircase sequentially and every time it hits the
step, it makes a quantum jump between well-defined energy levels emitting photon. A
typical QCL structure having super lattice injector region and three coupled quantum well

active region is illustrated in figure 5.2 [61,62].
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Figure 5.2 Basic operation of QCL [63]
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Under appropriate bias condition, the conduction band acquires a stair case shape. The
electrons are injected into the active region from the injector superlattice through a
comparatively thick barrier. The structure is designed so that radiative transition occurs
from |3> to |2> due to large oscillator strength. After making radiative relaxation,
electrons escape from the active region to the next injector through another thick barrier.
The mini band of precedent injector coincides with energy level E3 in active region
whereas the ground energy level E; is aligned with level E; of the following period to
facilitate carrier injection into the active region. On the other hand, the injector mini gap
blocks the electrons in I3> from tunneling into unwanted higher energy levels and
escaping out of the active region. Carriers in level 12> are depopulated by relaxing down
to 11> via optical phonon emission followed by tunneling into the next injector. In order
to ensure population inversion in 13>, the nonradiative scattering lifetime 13, has to be
longer than the lifetime t,;. |2> is separated by an optical phonon energy (~30 meV)
from |1> which strongly enhances the scattering of electrons out of state |2>. Besides, the

tunneling time out of 11> is also very fast, leading to rapid depopulation.

5.3 Intrersubband Scattering and Absorption Mechanism in QWCL

The understanding of electron relaxation mechanisms mainly scattering occurring
within the conduction subbands is essential since they will be extensively used to model
the QCL rate equations. In case of intersubband transitions, due to similar radius of
curvature, the non-radiative scattering processes are due to electron-electron, electron -
phonon and interface roughness scattering. In III-V semiconductors, by and large the
dominant electron relaxation mechanism is scattering by Longitudinal Optical (LO)
phonon which is governed by Fermi’s golden rule [55,61,64,65].

The LO scattering can take place within the same subband in a QW as well since
this process is always allowed as long as the energy jump is equal or greater than the LO
phonon energy. But on the other hand as pointed out in Chapter 1, this type of transition
is prohibited in QDs due to phonon bottleneck.The active region in a QWCL laser can be

treated as a three —level system with each level containing certain population of electrons
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which scatter between the subbands by emitting LO phonon or photon [14,66] .These
scattering mechanisms are elucidated in the band structure diagram below in figure 5.3.
We have only included sublevels 12> and 13> here and omitted the lowest state 11> for the
sake of simplicity since due to extremely fast tunneling time 7, there is hardly any build-
up of carriers in |11>, so the electron population is virtually zero. We also assume all the
subbands are ideally parabolic with equal in plane effective masses. Besides, it is inferred
that the electrons high up in energy in each subband i.e. the “hot” electrons thermalize
rapidly to the bottom of the subband in the thermal pool. So they are in quasiequilibrium

condition and can be described by respective Fermi functions.

Optical
absorption

Energy

Optical
cain

0 In-Plane Momentum

Figure 5.3 Scattering routes in subband 3> and 12> showing internal absoprtiion
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Referring to the figure, N3 is the steady state population in sublevel 13> which is
determined by the pump level. The electrons in 13> make radiative transition down to 12>
emitting a Mid-IR photon at a spontaneous rate of ! contributing to population Npr .
This emission rate can be expressed by the same equation (3.19) used for electron-hole
laser in chapter 3 with appropriate dipole strength and frequency. The other channel from
13> to 12> is through nonradiative transition where an electron emits an LO phonon .This
relaxation involves large in-plane momentum transfer with a characteristic scattering
lifetime of t3,. As depicted in figure, this results in population Ny nr in 12> which is at a
different E-k position than N, g. Carriers within both N, g and Ny ng relax down to [1> by
zero momentum transfer at a very fast rate of 1,; and escape to the next gain stage.
However, N, nr reabsorb photon and make vertical absorption transition up to 13> again.
The electrons moving upward in this way join the hot electrons in I13> and increase the
electron temperature. Eventually they may thermalize down to the electron pool or escape
to continuum. Comparing these two branches based on the typical time constants, for
7’-2,1

_N3

example:t3,~1.2 ps and 12 ~ 0.5 ps [67] , this nonradiative population, N, ,, = .
3,2

consumes approximately 40% of the gain population. For ideally parabolic bands, this
vertical reabsorption transition of an electron from population N, nr exactly matches the
gain in a vertical radiative transition from [3> to 12>.With nonparabolicity, this absorption
can be bigger or smaller depending on the details related to the density of the final states
at the upper energy transition. Unlike free carrier absorption losses, this loss mechanism
that we define as anpnr 1s significantly stronger than free carrier absorption since it
directly absorbs photon. The total internal loss then becomes: ®i= Ofrce carriert Oscaterring
+anzNr. This internal absorption mechanism is inherent to planar QWCL due to their
upward E-k curvatures of gain level 13> and 12>. The same process does not occur in
electron-hole lasers because of the opposite curvature of the E-k depence of the
conduction and valence bands in a planar quantum well. This absorption loss is
significant at low temperature as well. Moreover, it depends on cavity length through the

dependence of N3 hence gives an artificial appearance of low injection efficiency n;. This
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additional internal absorption therefore represents a fundamental limitation to maximum

attainable efficiency in QCL and apparently can not be eliminated.

5.4 Rate equation analysis:
Here laser rate equations pertaining to subband I13> and 12> are analyzed to describe the
operating characteristics of a QWCL based on real device data that have demonstrated
significant results in CW mode [68,69,70]. The steady state solution to the rate equations
are used to illustrate carrier scattering between 13> and 12>.

The influence of internal absorption is analyzed by including the internal

absorption due to the population N, ,,. The rate equation for the photon number is then

given by
dn @,
o Q‘ n+G,(Ny =N, )+ D) =G N,y jp e, (5.1)

where n is the photon number, G, is the gain coefficient and cavity loss rate

ﬂzv—gln( !
O L R,R,

the free carrier absorption, v, is the group velocity of the wave along the waveguide, , L

o

)+ &, . Here . is the lasing frequency, Q is the quality factor o, is

is the cavity length ,Rr and Rp are front and back mirror reflectivities respectively. The
free carrier absorption is due to both the built-in electron concentrations in the doped
regions and electron concentration in the active region.

The electron populations in the three relevant E-k positions are given by

dN, JWL n,+1

=N, ~G,(N; =N, )(n+1)— (Ns=Nyyg) oo, (5.2)
dt q Ts,
dN n,+1
— 2 =G (Ny =N, )+ D) === N, oo (5.3)
dt (29
and
dN n, +1 n, +1
dzt,NR - :_3’2 (N3s=N, ) =GN, zht _IT—ZJNZ’NR ........................ (5.4)
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In equations (5.2) through (5.4) N, is the number of gain stages, J is the injection current
density, W 1is the stripe width, and n, is the thermal phonon number in an optical

phonon mode given by Bose-Einstein factor as follows:

L 1
" exp(hw,, 1 kT)—1

At room temperature, n,, = 0.4. We assume that 7,, and 7,, are due to optical phonons

with different momentum.

To evaluate the impact on the QCL operation, the rate equations (5.1) through
(5.4) are solved at steady state in a self consistent manner including optical losses and
carrier population in each subband. Based on the solution, the power output as a function
of injection current can be calculated. The output optical power extracted from single
facet in terms of photon density n(J) is then given as:
P(J) =~ han(J)In——......... (5.6)

2L R,

The wall plug efficiency expression is similar to the one derived for electron-hole laser in

chapter 3 as shown:

hvph/q J-J, In(1/R;) _ hvph /q J-J,
"Jp.+V. J In(l/R.)+In(l/R)+2aL Jp+V, J 7

yp =

With the only exception of including the absorption loss anznr 1n the internal loss term.
Once the L-I responses are calculated, optical efficiency is extracted from the slope
efficiency of the L-I curves.

Founded on these solutions, following section presents simulations showing the
impact of internal absorption term and time constant 13, in efficiency characteristics of a

QWCL.
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5.5 Calculated results and discussion

The CW high power operating characteristics of QCL are evaluated by examining
the simulated light vs. current plots based on parameters of QCLs exhibiting superior
room temperature high power performance to the best of our knowledge. The device
structure parameters such as modal confinement, waveguide losses etc are calculated
based on a real QCL and the device features and dimensions are typical of QCLs that
have demonstrated room temperature CW operation [68,69,70,71]. The numerical
calculations are generated for room temperature condition and the LO phonon energy
used here is 34 meV.
In particular the contribution of internal absorption to determining the injection efficiency
ni 1s investigated. Moreover it is also shown how threshold and optical efficiency are
influenced by time constant 13, and results are computed based on longer time constant

showing significant improvement in internal absorption and optical efficiency.

5.5.1 Impact of Internal Absorption on injection efficiency:

Figure 5.4 shows the Light vs Current plots for a particular QCL design having 7,, =
1.25 ps, 7,, =0.5 ps, N = 30, stripe width of 11 um, cavity lengths of 2, 4, or 6 mm and
refelctivities of R, =0.95 and R, = 0.29 .Gain coefficient is estimated to be G L = 3,400
cm/s which is selected on the basis of reported threshold current and relaxation t3; [71].
Internal loss due to scattering and free carrier absorption in the doped regions is taken as

Ayt Opc gpea = 2 cm’', while the free carrier loss due to the gain stages is

FC ,active

calculated from the actual populations N, N, ., and N,, and is included but &

<
FC,active —

0.1 cm™. Other parameters are discussed below.
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Figure 5.4 Calculated L-I plots of planar QCL for 2 m , 4mm and 6 mm cavity lengths.

The injection efficiency is extracted from the inverse differential efficiency values using

data points denoted by black squares.

The rate equations in (5.1) through (5.4) assume that the internal injection
efficiency for each gain stage is 77, = 100% (3000% for 30 gain stages). The optical
extraction efficiencies 77,, are due only to internal optical losses and output coupling and
are found from the calculated slope efficiencies of Fig. 5.4 for each cavity length to be
n,, =31% for L =2 mm, 7, =22% for L =4 mm, and 77,, = 17% for L =6 mm. It is
worth noting that the wall-plug efficiency will never exceed 7,,, as it is the product of

the efficiencies in equation (5.7). The dominant loss is due to internal absorption by

N, \x » and these absorption values for each cavity length are given in Fig. 5.4 as 2.0 cm’
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,1.4cm™ and 1.2 cm™ for L = 2,4 and 6 mm respectively. Despite that the equations set
the internal injection efficiency per gain stage to 100%, the standard approach of plotting
the inverse slope efficiency vs. cavity length to find the L = O intercept produces an
apparent injection efficiency of only 7, = 50 % per gain stage [72,73]. The apparently
low 7, 1s produced erroneously because of the cavity length dependence of the internal
absorption anong -This can lead to confusion over the separate contributions from
internal loss and injection efficiency in limiting wall-plug efficiency. In fact, the
experimental slope efficiencies of QCLs are low even for low operating temperature for
which the injection efficiency 77, should be close to 100%.

As discussed in previous chapters, for electron-hole lasers achieving high wall-
plug efficiency has required minimizing the internal loss to increase the cavity length and
minimize electrical resistance, along with a high output coupling mirror (low
reflectivity). In addition, the threshold current density must be minimized so that it has
little contribution at the desired operating current density to give high(J—J,)/J.
However, the absorption that results from phonon emission in the planar gain stage limits
the effectiveness of using a long cavity combined with high output coupling, since high
output coupling increases the threshold gain and simultaneously the internal loss.

To verify this we calculated light vs. current density curves for the same device
parameters as above but with an output coupling reflectivity of R, = 0.05 as in Fig. 5.5
for 7,, = 1.25 ps. In this case, decreasing R, makes only a slight improvement in the
operating characteristics because of the increased internal absorption. The onong values
now become 3.8 cm™ ,2.3 cm™ and 1.8 cm™ for L= 2mm, 4mm and 6 mm respectively

with threshold current densities nearly twice as much as before.
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Figure 5.5 Same L-I plots calculated for 5% Reflectivity .The 29% reflectivity values are

shown for comparison.

5.5.2 Projected results for QDs with longer t3;:

As mentioned in Chapter 1, owing to discrete energy spectrum, the optical phonon
scattering is greatly suppressed in a QD in the presence of “phonon bottleneck”. The
phonon mediated relaxation time t3; can therefore be substantially longer in a QD [74].
On the contrary, the phonon emission rates of a planar gain stage QCL have already been
optimized using the three level approach to provide a fast relaxation path from level 2
through resonant optical phonon emission. So as long as the gain stage is planar, it may

not be possible to increase t3,.
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Here we calculate L-I characteristic employing same device data but with longer

132 having values of 5 ps and 25 ps in order to investigate effect of slow relaxation in

device performance.
Figure 5.6 shows L-I plots for similar device parameter as fig 5.5.with two more

sets of LI having longer t3,. The results shows that even a moderate increase in 7,, has a
dramatic impact on not only the threshold current, as expected, but also on the optical

extraction efficiency because of the decrease in internal absorption.
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Figure 5.6 Simulated L-I plots showing huge improvement of slope efficiency and

threshold for longer relaxation time
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The effect on internal absorption is shown in Fig. 5.7. When 7,, = 1.25 ps as
typical for planar gain stage QCLs, ay, .. can make up more than 50% of the total
internal absorption above threshold. The dashed and solid curves in Fig. 5.7 for z,, =
1.25 ps show that decreasing the output mirror reflectivity simply increases the internal
absorption, in our case from @, = 1.5 cm to ay,.. =25 cm™ for the 4 mm cavity
length. As shown for z,, =5 ps or 7, = 25 ps, even a slight increase in 7,, decreases
this internal absorption by increasing the ratio 7,,/7,,, which decreases N, ,,. These
results unambiguously demonstrate that simply by making 7,, even a few times longer

can bring dramatic improvement in device performance.

5
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Figure 5.7 Effect of longer relaxation time on reducing internal absorption loss
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There is yet another added benefit of having longer 7, in the gain stage. It can be

readily explained that gain compression phenomena is more severe in QCL compared to
electron-hole laser owing to fast relaxation mechanism that depletes the gain population
rapidly. So it is clearly evident that introducing QDs in the gain stage will help avoid

early gain compression hence lower down threshold and internal losses even more.

5.6 Conclusion:

In this chapter we have investigated the loss mechanisms occurring in a planar
gain stage QCL. In sharp contrast to an electron-hole semiconductor laser, a QCL is
shown to suffer a severe internal absorption problem that is intrinsic to its planar gain
stage. The internal absorption is caused by phonon emission of electrons and represents a
possible limitation to wall plug efficiency while giving an artificial appearance of low
injection efficiency due to cavity length dependence. This severity can be compensated
by introducing lateral confinement of electrons based on quantum dots which can bring
further improvement through reduction in threshold and less temperature sensitivity.
However some other limiting factors that can affect high power CW operation have not
been considered here for example device heating issues which results in deterioration in
injection efficiency and threshold current. But the QCL experimental results show low
efficiency even at low temperature which validates the presence of internal absorption.
Nonetheless, introducing additional degree of quantum confinement in the gain stage can

substantially enhance high power operating characteristics of QCL in every possible way.
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Chapter 6

Summary of Research and Future Direction

The research work presented in this dissertation reflects a comprehensive effort to
analyze and optimize high power semiconductor laser performance through achieving
ultra low optical losses in the gain material. Currently considerable internal losses in
planar QW lasers which is inherent to the QW active region itself, is identified as the
biggest challenge in achieving continuous high power with high wall plug efficiency.
This implies the necessity of introducing a totally new approach to circumvent the high
power limitation. Through quantum confinement in all directions, self assembled III-V
QDs open up a unique opportunity to extend the high power operating regime to an
unprecedented level. Very promising QD laser efficiency characteristics have already
been reported by other groups showing significant improvement over QW counterpart
[75].
In this research treatise, we provide a detail theoretical analysis of QD edge emitting
lasers based on real experimental parameters and demonstrate that by combining these
QDs in a suitable low loss cavity, internal optical losses as low as 0.05 cm” can be
achieved which allows the laser cavity length to extend to centimeter ranges . This
ensures high power collection from the lasers while maintaining reasonably high
conversion efficiency. The QD laser calculation is based on harmonic oscillator model
and the device parameters are solved in a self-consistent matter imposing quasi-
equilibrium and charge —neutrality condition in the active region. Various low loss
waveguide models were examined to explore the feasibility of employing QD ensembles
in the laser cavity. With the help of our simulations and models, suitable design rules
were developed in order to implement ultra low loss long cavity QD lasers.
One of the major problems in achieving truly ideal delta like density of states to harvest
the benefits of QD is its inhomogeneous broadening. Therefore our initial stage of
investigation was mostly directed towards introducing small linewidth QD ensemble

having only 22 meV broadening in a waveguide. Our primary device data points to the
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fact that numerous parameters are needed to be optimized to obtain high quality dot
material, most importantly the cladding and waveguide material.

We have also extensively studied the high power operating characteristics of unipolar
QCLs which are primarily different from electron-hole lasers. It is of our firm opinion
that the high power performance of planar gain stage QCL is strongly influenced by
internal absorption in the gain medium due to fast intersubband phonon relaxation . An in
depth- analysis of rate equations and their solutions exhibit that this inherent loss
mechanism appears as a reduction in injection efficiency through its cavity length
dependence and this can be compensated by cutting down this relaxation branch. We
propose that owing to discrete delta like density of states, the QDs are capable of greatly
suppressing this electron-phonon interaction hence enabling high power high efficiency

device applications in Mid and Far —IR ranges.

Future direction:
Extensive research attempt is underway in order to implement high power QD lasers that
can enable highly reliable operation at high powers and over wide operating temperature
with high efficiency. Several possibilities will be explored for example:
¢ Better understanding and improvement of crystal growth quality through using
ultra-pure source material in a clean system hence keeping the scattering loss
and background doping at a minimum
¢ Incorporation of graded super lattice type cladding layers to facilitate electron
transport into the waveguiding region.
e Using miscut wafers for crystal growth for better dot density and uniformity etc.
e Employing lithographically defined all epitaxial structure for excellent current
and mode confinement
¢ Introducing fiber grating stabilized long cavity lasers etc to name a few.
As a final conclusion, the concept of ultra low loss in QD gain material definitely proves
advantage over already well-established planar QW lasers and is a potentially viable

candidate to be developed towards commercial devices. As more is understood about the
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fundamentally unique physics of the QDs together with the technological advancements,
it can create newer frontiers of novel device application with revolutionary functionalities

such as photonic crystal and nano device technologies.
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