INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced

form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600






NOTE TO USERS

The original manuscript received by UMI contains pages with
slanted print. Pages were microfilmed as received.

This reproduction is the best copy available






Université d’Ottawa - University of Ottawa






Semiconductor Quantum Dot Lasers

Karin Hinzer

Thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of
Master of Science in Physics

Department of Physics
University of Ottawa
Ottawa-Carleton Institute for Physics
Ottawa, Canada
1998

© Karin Hinzer, 1998



i~k

National Library
of Canada

Acquisitions and
Biblicgraphic Services

395 Wellington Street
Ottawa ON K1A ON4

Bibliothéque nationale
du Canada

Acquisitions et
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votra réfdrence
Our fle Notre réldrence
The aqthor has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.
The author retains ownership of the L’auteur conserve la propriété du

cop}fright in this thesis. Neither the droit d’auteur qui protége cette these.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canada

0-612-36702-9



Abstract

Stimulated emission in semiconductor quantum dot (QD) laser structures is
demonstrated. Red-emitting, self-assembled QDs of highly strained InAlAs were grown
by molecular beam epitaxy on GaAs substrates. Carriers injected electrically from the
doped regions of separate confinement heterostructures thermalized efficiently into the
zero-dimensional QD states, and stimulated emission at ~ 707 nm is observed at 77
Kelvin with a threshold current of 175 milliamperes for a 60-pum by 400-um broad area
laser. A measured external quantum efficiency of ~8.5 % at low temperature with a peak
power greater than 200 milliwatts demonstrate good size distribution and high gain in
these high-quality QDs.

Results from structures with contact layers designed to improve carrier
confinement, show a lower threshold current density at low temperatures, and are able to
operate up to room temperature. At low temperatures (4-50 K), stimulated emission
occurs via excited state of the QDs, followed by a gradual stimulated transition from the
excited states to the ground state for temperatures ranging from 50 K to 140 K. Above
140 K, lasing occurs at the ground states transition of the QDs up to room temperature.

At low temperatures, the lasing threshold currents are found to be more
texhperature insensitive than for two-dimensional quantum well (QW) lasers. At higher
temperatures, the threshold current are governed mainly by the depth of the separate
confinement region. For samples with multiple QD layers displaying vertical self-

assembling, a broadening of the stimulated emission energy linewidth is observed.
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Chapter 1

INTRODUCTION

The introduction of heterostructures in 1970 [1] marked the beginning of
quantum confinement in semiconductor lasers. The simplest example of a
heterostructure is obtained when layers of semiconductors with larger bandgap energies
surround a lower bandgap material. Either one of these layers can be doped with donor
or acceptor impurities, with the possibility of forming a p-n junction at one of the hetero-
interfaces. Basic understanding of such low-dimensional systems and applicability of
heterostructure concepts has become possible in recent years due to improvement of
growth techniques such as molecular beam epitaxy (MBE).

The energy band in a semiconductor crystal results from the periodic structure of
an infinite lattice. When the crystal thickness is finite and thin enough to be comparable
with the de Broglie wavelength of an electron in a semiconductor (= 10 nm), one obtains
a structure confined in one-dimension known as a quantum well (QW). Perpendicular to
the well plane (z-direction), electrons are confined by the potential well created by the
double heterostructure, resulting in a structure having discrete quantized energy levels.
Along the well plane (x-y plane), the crystal is assumed infinite. The density of states of
carriers in the QW is modified from the conventional E*-dependence for bulk materials

to a step-like dependence [2]. Such lower dimensional structures can be used as the



active region of semiconductor lasers. It was first predicted theoretically, and
subsequently confirmed experimentally, that this reduction in dimensionality of the
active region results in superior lasing characteristics including lower threshold currents
and improved temperature stability. Today, semiconductor laser diodes based on QWs
are the key components in optoelectronic and photonic integrated circuits, and play an
essential role in the expanding information technology and communication industry [3].
They are used in a wide range of applications from optical fiber communication systems
to barcode scanning, including optical storage, image recording, and displays for
entertainment and instrumentation. These devices are capable of high powers and

efficiencies at a variety of wavelengths in the visible and the infrared.

By increasing the confinement of carriers in the other directions (x and y),
systems with lqwer dimensions can be obtained: quantum wires (QWRs) and quantum
dots (QDs), in which carrier motion is confined to one and zero dimension respectively.
Because of the 3D-quantum confinement, the energy spectra of electrons and holes in
QDs can be considered discrete. This delta-function-like density of states of QD systems
leads to an effective absence of carrier thermal distribution, independent of temperature,
in contrast to QW and bulk structures. The main expected advantage in introducing QDs
as the active medium of a semiconductor laser over conventional QW lasers is a lowering
in ﬂueshold current density due to the discrete nature of the density of states [4]. Other
predicted advantages include: higher modulation speed, reduced temperature sensitivity,
higher optical gain, and wider spectrai gain profiles [4-7]. For these reasons, structures

with QDs as active regions have generated much interest recently as a new class of



artificially structured materials having discrete atomic-like states with tunable energies,
through composition and size variations, that are ideal for use in laser structures.

Prior to 1994, only one research group had reported light emission from quantum
dots through current injection [8], using standard lithographic techniques for the
fabrication of QDs. An important advance in the fabrication of zero dimensional
structures exploits one of the natural consequences in growth modes for dissimilar
materials. QDs grown in this manner make use of a mature epitaxy growth process
without requiring any additional processing. As well, their ability to emit at a range of
wavelengths by simply using the various well understood and characterized III-V alloy
systems, make them perfect for immediate integration into practical devices. The
samples characterized in this study were grown using this fabrication technique.

This thesis focuses on the optical properties of self-assembled quantum dots
grown in the IgAlAs/AlGaAs alloy system, and more specifically on their use as active
material in QD lasers. QDs made of this material system have emission wavelengths
corresponding to the red (650-730 nm) portion of the spectrum [9] allowing for possible
applications in higher-density optical storage, or in display and illumination. Chapter 2
begins with a review of the basic properties of QDs and goes on to describe gain and
waveguide analysis in heterostructure lasers. Chapter 3 includes a description of the
samples, laser fabrication, optical measurement techniques, and apparatus. Results
obfained from measurements of InggAly;,As/AlGaAs QD lasers are presented and
discussed in chapter 4, beginning with the evidence for stimulated emission from QDs.
The effect of potential barrier height of the confining layers on laser characteristics is

analyzed, and the properties of lasers grown with multiple QD layers are presented.



Finally, a summary of the results and comparison with other systems appears in the

conclusion.



Chapter 2

THEORY

This chapter is intended to give background information on the system studied
and is divided into three sections; the first describes growth methods and basic optical
properties of QDs while the second evaluates the energy levels and density of states for
idealized heterostructures followed by the equations used to calculate the energy levels of
a more realistic system: the lens shaped quantum dot. The chapter concludes with a
discussion of gain and threshold current density in heterostructures of different

dimensionality as well as an analysis of light propagation in slab waveguides.

2.1 Growth method and basic optical properties of QDs

Zero-dimensional semiconductor structures may be obtained through epitaxial
growth techniques. Two principal methods can be distinguished: (1) the growth of two-
dimensional layered structures (QWs) followed by successive etching procedures that
lowers the dimension; and (2) epitaxial techniques utilizing self-organized island
formation in highly mismatched (~ 4%) epilayer/substrate growth systems.

The first method for nanofabrication of semiconductor materials uses lithographic



and etching techniques to produce dots with diameters of ~25 nm [10-14]. Other
fabrication techniques used in production of QDs include intermixing where a focussed
jon beam having a diameter of 50 nm was used to modify the lateral bandgap profile
[15], gate modulation of patterned confining layer [16] and overgrowth on vicinal
surfaces [17]. It has been shown that the etching techniques required in the fabrication of
QDs through pattern transfer onto semiconductors introduces additional damage forming
a depletion layer at the surface of the patterned device, and thus affects the electronic '
properties of the materials. This damage manifests itself on a microscopic level in the
form of nonradiative defects such as dislocations and vacancies [18]. In the case of gate
modulation devices and intermixing techniques, reduced carrier confinement are
obtained, making the observation of quantum effects possible only at very low
temperatures. Dots may also be obtained by growth of nanocrystals in glass matrices,
and in organic materials and related matrices [19]. Electrical injection of carriers is
difficult in these systems however, making them less than ideal candidates for device
applications.

The second class of “nanofabrication” technique, which relies on the formation of
lower dimensional structures during epitaxial growth, has recently attracted a lot of
interest. Strain induced self-assembled growth leads to the formation of small dots
(about 10 - 30 nm diameter) having good size uniformity, and a high density (between
10° to 10" dots/cm?). In the past five years, dots have been grown in a variety of IlI-V
semiconductor systems including InAs/GaAs [20], InAlAs/AlGaAs [9], and InAs/InP
[21], in II-IV materials like CdSe/GaAs [22] and in the indirect bandgap group-IV

system SiGe/Si [23]. Since the fabrication of dots is intrinsic to the growth method used,



this technique is attractive for device applications mostly through its compatibility with
commercial growth systems as well as the availability of ultra pure elements needed for
growth. Control of the QD energy levels is possible by varying the growth conditions.
For example, S.-Z. Chang, T.-C. Chang, and S.-C. Li have observed that for systems
with low lattice mismatch (1-2 %), the QD density is high and the QD sizes are small; for
larger lattice mismatch (> 2 %), the QD density is lower and the QD sizes are larger [24].
The growth temperature is another important factor in determining both the ground state
energy level and the intersublevel spacing of the QDs [25]. The QDs used in this study

were obtained through spontaneous island formation.

=l
Eni.

Layer by layer ~ Volmer-Weber  Stranski-Krastanow

Figure 2.1 Schematic representation of the three possible growth mechanism of thin epitaxial films.

There are three known modes of heteroepitaxial growth [23]: Frank-van der
Mérve mechanism or layer-by-layer growth [26], Stranski-Krastanow mechanism or
layer-by-layer growth followed by 3D island formation [27], and Volmer-Weber

mechanism or island growth [28] (figure 2.1). The selection of one growth mode over



another depends on the epitaxial layer and the substrate on which it is to be grown. In
fact it was shown that, owing to the difference in nature and strength of the chemical
bonds, and the lattice parameters, the three growth modes could be covered [29].
Because of these fundamental parameters (bond strength and lattice parameters), the
chemical potential of the overgrowth differs from that of an infinitely large crystal.
Across the interface, the atoms of the deposit can be bound more loosely (or tightly) to
the substrate atoms than to the atoms of the same crystal. Consequently, the chemical '
potential of the first layers of the deposit could be higher (or lower) than the chemical
potential of the infinitely large deposit crystal. The Volmer-Weber growth mode occurs
when the interfacial bonding is weaker than the bonding in the deposit itself, that is, the
adatoms will have a tendency to form islands on the surface to minimize the interface
area. In systems having strong interfacial bonding, layer by layer growth occurs; the
atoms “wet” the entire surface. At this point, the lattice misfit plays a prominent role in
determining the growth mode. The larger the misfit, the greater the tendency towards
island growth, and vice-versa. Generally, layer-by-layer growth occurs if the misfit is
small. If the misfit is substantial, coherently strained islands grow on top of the wetting
layer (WL) until they reach the dislocation-formation critical thickness. This is known as
the Stranski-Krastanow growth mode. The size and shape dispersion of these islands is
very small at the onset of island growth. If the growth is allowed to proceed above the
criﬁcal thickness with the same lattice mismatched material, generaﬁon of dislocations at
the interface between the layer and the substrate will occur, producing strain relaxation.
Once formed, these incoherent, strain-relaxed islands, continue to grow with little

restriction until a complete two-dimensional film has been developed. If, on the other



hand, before reaching the critical thickness, the dislocation-free dots are capped with a
material having the same lattice constant as the substrate, the growth proceeds epitaxially

without introduction of dislocations. The QDs are then sandwiched between two similar

epilayers.

The optical excitation of self-assembled QD systems yields bright luminescence
and generally reveals a Gaussian line shape distribution (figure 2.2a). In the case where '
nonresonant excitation is used, photoluminescence (PL) data display smooth and
structureless spectra. Typically for such PL experiments, the spot size is of the order of
100 pm diameter, and therefore for characteristic dot densities of 200 um? a large
number of QDs are probed (~ 10° dots). The PL data therefore reflects the statistical
distribution of the ground state energy levels of the individual dots that arises from the
slightly different zero dimensional confining potentials. Since the QDs have a deep
confining potential and a relatively small height-to-diameter ratio, this distribution
should arise mainly from the additional atoms along the growth direction. Other
parameters, such as small variations in the diameter, in the alloy composition, or in
partial (defect-free) strain relaxation, can also contribute to the observed inhomogeneous
broadening in the emission spectrum.

A smaller number of QDs can be probed through the use of mesas, etched from
thé QD structure, of different sizes [9] or simply by performing micro-PL, where the
probing laser spot size is reduced to the diffraction limit (~ 1 pm). Figure 2.2b shows the
results obtained on mesas of different sizes (3, 7 and 13 um®) obtained from the same

sample as in figure 2.2a, having a dot density estimated at 200 per pm”* (from TEM plane



view measurements). The corresponding number of dots probed is estimated at N ~ 600,
1400, and 2500 dots respectively. For the small mesas containing only a few hundred
dots, the PL spectrum displays distinct, very narrow lines (full with at half maximum
(FWHM) ~ 100 peV). As the number of dots probed increases, the spectra become
smooth, as expected, by considering the statistics of large number of added lines. The
appearance of the sharp spectral lines is an indication of the zero-dimensional nature of
the density of states (DOS). As the temperature of the system is increased, the sharp

spectral features observed in the small mesa PL spectra do not broaden [31].

1 -0 " P BN W

E B

Gaussian lineshape: ; [
PL « exp[HE/27.6 meV)’] : f

N

Q.5 : - { FWHM = 46 meV |
: ! i / :

Normalized PL intensity (Arb, Un.)

BN

L LR L

PL (arb. un.)

Energy from the peak (meV)

-60

Figure 2.2 (a) Low-temperature PL spectra obtained with an InAlAs/AlGaAs QD sample, probing a
large ensemble (~10%) of 17-nm diameter dots under the excitation spot, and a Gaussian distribution fit.
(b) PL of N-dot ensembles delineated with pm-size mesas, displaying statistical fluctuations. Two scans
are shown for each mesa to evaluate the reproducibility of the sharp features. The peak position for the

InAlAs/AlGaAs QD ensembles is 4 =660 nm [9].
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This temperature-independent emission linewidth was predicted theoretically and is
simply a consequence of the 5~function like density of states due to the zero-dimensional
nature of the dots. Exciton lifetime measurements done on these sharp spectral features
were shown to be constant with temperature [31, 32] up to the onset of thermionic

emission; a further evidence of the zero-dimensional nature of these self-assembled dots.

The atomic-like discrete energy spectrum of each QD state can easily lead to a
state-filling effect at higher optical excitation, due to the exclusion principle when only a
few carriers can populate the lower states. In fact, in recent publications it was
emphasized that only two electrons can occupy the ground state level of a dot (spin up
and spin down), four electrons in the first excited state (n = 2) and so on [33]. This
causes hindered inter-sublevel dynamics and observation of excited state interband
transitions as the excitation intensity is increased. State-filling will show clear saturation
effects as well. At low excitation intensities, only the (inhomogeneously broadened)
ground state levels are generally observed because of the fast inter-sublevel relaxation
process taking place. As the intensity is increased, a progressive saturation of the lower
energy transitions is combined with the emergence of new emission peaks originating
from the excited state interband radiative transitions. These effects are observed as the
intér-sublevel carrier relaxation towards the lower levels is slowed due to the reduced
number of available final states [34-36]. An example of state-filling effect, where the

intersublevel spacing is larger than the inhomogeneous broadening, is depicted in figure
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2.3 for the InGaAs/GaAs system [37]. QDs having larger dimensions or deeper

potentials are expected to have more bound states.

4!11[114LlLllLillll|lllllll-

E_=2410eV

PL

L B I B M I

1.000 1.100 1.200 1.300

Energy (eV)

Figure 2.3 PL spectra obtained at 7 = 5 K with different excitation intensities ([,) with
Iny sGa, sAs/GaAs QD’s, 36.5 nm in diameter, displaying strong level filling and emission from the
excited states and saturation of the ground states with increasing excitation intensities. I ~ 10 W/em?

[37].

2.2 Energy levels and density of states for idealized quantum
wells and quantum dots

‘The advantages of using low-dimensional structures arise mainly from the changes in
the density of states as discussed previously [4]. The density of states for electrons and

holes in basic systems are calculated using Schrédinger’s equation [38, 39]:
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2

VW +V¥Y=EVY , -

2m

where m* is the particle effective mass and £ represents the energy of the particle from
the band edge. The hard wall approximation for the potential is used, i.e. the potential V'
is zero inside the structure and the barriers are infinite. In the case of a cubic éotential,
separation of variables is applied to solve equation 2-1. For free-particles, the
wavefunctions have the form of a travelling plane wave
¥, =, (2-2)

where k, is the particle wavevector with the allowed values k, =7n, /L and
n =+1,+2,... In Cartesian coordinates, v can be replaced by x, y or z and L represents

a macroscopic length. In the case of particles confined to a microscopic dimension, the

particle energy levels are quantized and the wavefunction becomes
2 .
‘Y, =\/; sin(k,x,) (2-3)

where /, is a microscopic length and k, =z n, /I, with n, =1,2,... The total energy is
given by:

hZ
E=2m*(kf rk2+k2) 2-4)

For a two-dimensional quantum well, the motion along the growth direction (z) is

quantized, so the allowed energies in the z-direction are

13



2
E " (ﬂ) . (2-5)

= Im* I

The particle wavefunction ¥ is confined to the well width /. The density of states up to

and including those of energy E is equal to:

o (E)- 2 SoE-E, ). 2-6)

where &E) is the unit step function [AE = 0) =1 and &E) < 0) = 0] and #_ is the
subband quantum number. Therefore the two-dimensional density of states has a

staircase shape, as shown in figure 2.4a.

For quantum dots, quantization occurs in all three directions and the allowed

energies are

m2r? n?® n; n.2
E = =+, 2-7

"y 2m (15 T @7
with a zero-dimensional density of states expressed as:

1
1,11,

P (E)= s (E -En,nyn:) : (2-8)

nx.ny.n:
where n, n,, and n_ are the quantum numbers for the allowed energies in the respective

directions. This density of states has discrete values as can be observed in figure 2.4b.
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Figure 2.4 Density of states for particles confined in (a) two dimensions (the bulk density of states is
shown for comparison), and in (b) zero dimensions.

As the dimensionality of the structure is decreased, the density of states becomes
increasingly discontinuous and the onset of energy levels shifts towards higher values.
These effects are independent of the shape of the structure studied, as long as comparison
is done between structures of macroscopic and microscopic dimensions.

In the case of self-assembled quantum dots, the density of states calculation must
take additional factors into account, the most important being the size/composition
inhbmogeneity of the dot population. The allowed carrier energy level positions and
intersublevel spacings in the QDs will then vary slightly for dots of different
size/composition. This will result in a state distribution having a certain width: the larger

the population inhomegeneity, the wider the distribution.
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2.3 Energy levels in a lens shaped quantum dot

In the InAlAs/AlGaAs system, the quantum dots can be modeled as lens-shaped
(see figure 3.3). Such modeling has been done previously [33, 40] with numerical results
for QDs in the InGaAs/GaAs system. The disks are on top of a narrow quantum well,
also known as the wetting layer, of thickness #,, and can be modeled as part of a sphere
of fixed height /, and base radius p, as shown in figure 2.5. The bottom of the
conduction band of the WL and QD material is below the bottom of the conduction band
of the surrounding material. The carriers, confined to a thin QW, are further localized in

the

» x-y plane

Figure 2.5 Cross section view of an ideal lens-shaped quantum dot.
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area of the dot due to the effectively increased thickness of the layer at these points. The

dots have a base diameter in the nanometer range, so that lateral confinement is not

negligible.

If an electron-hole pair is trapped in a lens-shaped dot, the effective Hamiltonian
can be expressed as:

H= 1)22 . th eZ

- +V(r,)+V(r,) , (2-9)
2m, 2m, 5[?;_,—r,,|

where the subscripts e and 4 stand for electron and hole, V(r,) and V(r,) are the carrier
confining potentials due to the dot shape and the middle term is the Coulomb interaction
inside the dot. For dots of small dimensions in the so-called strong confinement range (R
<< a,, where R is the electron-hole distance and a, is the excitonic Bohr radius),
Coulomb interaction effects are neglected [41]. The problem therefore simplifies to the
one-particle effective-mass Schrédinger equation (equation 2-1) for both electrons and
holes. The adiabatic approximation is used to model the confining potential ¥(r) for the
dot. This method states that the potential a particle feels, when moving in the x-y plane,
is given at each point by the ground state enmergy of a quantum well of equivalent
thickness /(p). The confining potential is zero inside the dot and wetting layer, but finite

outside. Equation 2.1 can be transformed into an equivalent system of equations [33]:
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2
2 * ach’z( 2 +VTD (x)=E® (x) (2-10a)
2m, 'z
W FP,(y)
o @fz +V I (y)=ED,(y) (2-10b)
2 v
W90 yor g ()= Ed,(2) (2-10c)
2m (z) &
E=E,+E,+E. and ¥=0.0,0,. (2-10d)

V2% is the potential of an InAlAs/AlGaAs quantum well of width [, +¢,,
Ve = E? (I(x))-E? (I, +t,) and V.7 =E?” (I(y))—E°" (I, +t,) are the effective
potentials obtained from the adiabatic approximation. m_ (z) is replaced by the AllnAs
effective mass (m],) for 0<|z| </, +1,, and by the barrier layer effective mass (m;)

otherwise.
The energy levels of a quantum well of thickness / can be obtained numerically

from [42]:

%k

(-I{":H)
ow)__ 2k 2 ) (me| Ve : (n_) i
I(E": ) \/mwTE,? tan™'3(-1) \/;: {EQW’ 1JJ + 7 x1mt > I (2-11)

The resulting spectrum consists only of discrete bound state energies. The shells are

spaced evenly (intershell spacing of the order of tens of meV), and the intershell spacing
decreases with increasing dot size. The number of bound states increases with increasing
barrier height. As stated in section 2.1, the first bound state is filled up with two

particles; the second bound state is filled after four particles and so on. This model does
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not take the effects of strain into account; more accurate models have been developed for
lens-shaped dots [33] and for pyramidal dots [43].

In practice, however, the quantum dots obtained through the Stranski-Krastanow
growth mode have potential barriers with finite heights, that is, at elevated temperatures
carriers can escape the confined region by thermionic emission into the barrier material
[44]. This important carrier-loss process is especially significant in structures with
shallow barriers [45]. The carrier distribution between the active region (QD) and the ’
confining layers (barrier and WL) is controlled by carrier thermalization/capture
processes in the QD and the escape processes from QD to WL or barrier through
thermionic emission. The probability per unit time for a carrier to absorb phonons and
be emitted above the barrier is greatly enhanced at high temperatures due to a large
phonon population in the lattice. Consequently, quenching of the emitted light intensity

is observed at higher temperatures according to an exponential law of the form

f— c -
1(r)= 1+aexp(E, [k, T) @-12)

where ¢ and ¢ are adjustable parameters, k,T is the thermal energy, and E, is the
activation energy which corresponds to the minimal energy necessary to promote carriers

to unbound energy levels. The onset of thermionic emission depends on the values of a

and E,.
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2.4 Interband transition selection rules

Due to their discrete energy states, the transitions between the electron and hole
levels in QDs are analogous to those between the discrete levels of individual atoms.
The band-to-band transition probability per unit time is given by Fermi’s golden rule. In
the case of the creation of a photon [46]:

_2z e F
= |(f|e pli) 6. ~E,-ho), (2-13)
where e is the light polarization vector and p is the momentum operator. The sum is over

all the levels in the conduction and valence bands (initial states |i) and final states | f)).

E, and E represent the energies of the initial and final states, < f [e-f)l z’> is the optical

matrix element expressing the coupling between the initial and final states with the light
polarization, and the term preceding the sum represents a constant of the system.
Conservation of momentum and energy accompany emission and absorption of photons.
The reduced density of states observed in low-dimensional systems (compared to
the usual bulk probability transitions) is introduced in the summation over initial and

final states to account for dimensionality in the wavefunctions and the joint density of

states. The electron and hole wavefunctions ¥, , (r) in low-dimensional systems are a
product of the envelope function z(r) and the appropriate Bloch function #,,- (r) at the

T point, ¥(r) < 7 (r) #,.- (r). The matrix element in (2-13) can be factored into the

integral over the unit cell of the fast varying part of the wavefunction (the Bloch

function) and a sum at the cell centers R of the slowly varying functions (the envelope
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function).
The optical matrix element for transitions that involve an electron from a

conduction band and a hole from a valence band is:

(fle-B|) = T z.R)e™™ g, R)e™™ [ u, E)e-p)uy, ) dr , 2-14)
R,

cell
where e and h represent electrons and holes and the integral is over unit cells. The
electron and hole wave vectors are designated as k, and k,. The exponential factors give
a null contribution unless k. = k,, which is the vertical transition rule since light has
negligible momentum. When factoring the electric-dipole matrix element in equation
(2-13), the change in parity of electric-dipole transitions appears in the Bloch integral
matrix element; this is just the same as in bulk systems.

The other selection rules have two origins: the overlap integral between envelope
functions selects the quantum numbers of the initial and final level and the atomic-like
dipole matrix element imposes the selection rules on polarization of the light wave. The
atomic-like part of the Bloch wavefunction is similar for all III-V materials and the
polarization selection rules are not dimensionality dependent.

The matrix elements for the envelope functions are integrals over their product
with no polarization dependence. If the electron and hole quantum dot potentials are
symmetric, the envelope functions could be symmetric or antisymmetric and their matrix
elements will vanish unless both have the same parity. If the potential in both conduction
and valence bands can be modeled as a quantum box with infinite potential walls, then
the two sets of envelope functions are identical and only transitions between levels with

the same index are allowed, this is the “An =n - m = 0” rule, where m is a valence-band
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state and 7 is a conduction-band state. In the case of lens-shaped dots, quantum dot
wavefunctions have to be used, which for the first few levels can be approximated by in-
plane harmonic functions [40]. For this case, the rule changes to “An, =n, —m_ = 0”
and “An,=n,—m,= 0”. Also, the envelope functions are not exactly orthogonal since
the effective depth of the confining potential is different for electrons and holes. This can
lead to observations of transitions between »n # m states. These transitions will have weak
intensities, and in order to conserve parity, # - m = odd integer will only appear in the

case of highly asymmetric potentials.

2.5 Heterostructure lasers

Electrically injected carriers in a p-n junction can recombine both radiatively and
nonradiatively. The radiation originating from the recombination of carriers can interact
with valence electrons and be re-absorbed, or interact with electrons in the conduction
band to stimulate an identical photon. When the injected carrier concentration becomes
large enough, the stimulated emission can exceed the absorption so that optical gain
occurs. In order to sustain stimulated emission, a portion of the radiation must be
reflected back to the laser medium. This way, the power gain due to amplification is at
least equal to the total losses, including that of the escillator output.

In the present work, separate confinement heterostructures are used to provide
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localized gain. The inner junctions or heterojunctions are used for carrier confinement
and the outer heterojunctions are used for optical confinement. In Fabry-Perot laser
cavities, cleaved facets act as a pair of reflectors and thus form the resonant cavity. A
stripe electrode is used in order to restrict the injected current to a given width (figure
2.6).

The theory developed by Lasher and Stern [45] to analyze the interaction between
electrons and light in semiconductor lasers is presented in section 2.5.1. Calculations
based on this model performed by Arakawa and Sakaki [4], and by Asryan and Suris [48]
for QD and QW lasers are summarized. In section 2.5.2, the multiple waveguide model

is explained as well numerical analysis results of the samples studied are presented.

a) I b)
< O = CB
+ pt
n - L_”_f >
V—
;/ [ = — t_l @VB
hv X
z
y

Figure 2.6 Schematics of (a) the geometry and (b) the diagram of conduction band (CB) and valence
band (VB) of a heterostructure laser diode based on self-assembled quantum dots. The electrons (-) and
holes (+) are injected in the active region with a forward bias voltage (¥) and current (J).
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2.5.1 Stimulated emission

The threshold current density of a semiconductor laser can be obtained from the
recombination rate equations [47]. Electrons (holes) cascade down (up) the quantum dot
potential by phonon emission and/or thermalize by electron-electron (hole-hole)
interaction. Considering electrons in the limit of strong electron-electron interaction, i.e.
under strong carrier injection such as for lasing conditions, a Fermi-Dirac distribution is
established:

1

“l+expl(E-F. )/kT]’ (-13)

/. (E)

where E is the energy measured from the conduction band edge E, F, is the electron
quasi-Fermi level measured from the edge of the conduction band, k is Boltzmann’s
constant, and T is the temperature. The holes have a similar distribution function, £,:

1
l+exp[(E-c—F,)/kT] "’

f.(E-g)= (2-16)

where ¢ is the photon energy.
With the densities of states obtained in section 2.2, and assuming 4n = 0
transitions, one can obtain the net rate of stimulated emission r,,(£), also called the gain

coefficient, and the rate of spontaneous emission, r,,(¢). Using the “no k-selection rule”

model of Lasher and Stern [48], one can obtain

20)=r06) = ()8 [ 0. (6) 0 (E-¢) (51,6

(2-17)
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r,g)(g)z(”zcz"f} BO [%4E p.(E)p.(E-2) 1-£.(B) £, (E-e)} . @18)

n’e?
where (i) stands for 0D in quantum dots and 2D in quantum wells, B is a constant
representiné the probability of dipole transitions, E, is the energy gap, c is the velocity of
light, and #, is the refractive index. The electron quasi-Fermi level is adjusted in such a
way that the maximum gain g”(E) satisfies the threshold condition, i.e., g”(E,.) is equal
to the total optical loss in the laser cavity, which we assume to be independent of -
temperature. Because of the effects of the density of states, the spectral gain profile will
be narrower for low-dimensional structures. The gain spectrum becomes discrete in the

case of quantum dot lasers.

The rate R,(;) of the total spontaneous emission is calculated by the energy integral

of the spontaneous emission rate

2 243
RY) {’f ch ) [[derl) . (2-19)

n’g?
The rate equations for electron density, n, and number of photons, N,, in the M"

lasing mode may be written as [49]:

dn? _J® N RY . mN®@ r,)

2-20
dt ed n L,W,dd(e) (2-20)

i i (7) Q) (@
dNi,)=‘N§{)+LdedR,p +N§r{)r:(r)(8M)

d¢ Tar M o) @21

where d is the width of the active region, 7 is the quantum efficiency, L, and W, are the

length and width of the device, 7, is the photon lifetime in the lasing mode, and M is the

number of spontaneous modes. The number of modes per unit energy per unit volume is
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given by:
o(e)=—xf _ . (2-22)

For simplicity one lasing mode is assumed (m = 1) and M” is very large so the second
term of equation (2-21) is neglected. Under steady state conditionm, at the lasing

threshold, the two rate equations (2-20) and (2-21) become:

(#)
J9 = cd Ry (2-23)
i
rﬁ"(au)=9£5—) , (2-24)
Ty

These two equations contain the two unknowns, r{)(g,,) and RY), which can only be

sp ?
solved when the two quasi-Fermi levels, F, and F,, are given. In general, the threshold
current density is calculated numerically, but analytical expressions can be obtained for

quantum well and quantum dot lasers as given by [4]:

d
JEP) = .en_”;”_zl 2. B®kT n(1+Q)

-
z

~ed m, p, B@P%T u{_m_va_J (at high temperature) (2-25)

T mh porch?l,
ed [ PV 1
J,(;?”’=7(—W>T+7-po po B®?), (2-26)

n’E? 1+C-CD

r—g

2 243 W2 2
where V=I11, A(i)z(M]B(i) , Qzl:fC_D+(D 1) (1+C)} ’
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(2D) 2 2 -
D =exp a—wJ’—r-h—Iiz , C=| exp p—°7i—l—- -1 ,and m,_ m, are the electron and
AP kT m_m, m kT

hole effective masses, p, is the hole concentration in the laser active region, and o” is the
loss coefficient due to diffraction, free carrier absorption, etc. Equations (2-25) and (2-
26) indicate that the threshold current density of a quantum well laser is proportional to
Tin(T /constant) near room temperature, whereas J, of a quantum dot laser is
independent of temperature.

Numerical calculations of J, from the model described above have been
performed for the GaAs/AlGaAs system [4] assuming that electrons populate only the
ground state subband/sublevels, which is valid when /,, [, /. are sufficiently small. The
results for T near room temperature are summarized in figure 2.7. They clearly show
that the temperature dependence of J,, changes drastically with the degree of confinement
of the carrier motion. In order to compare the temperature dependence of J,, for these
devices, we express the results in terms of the conventional expression that is used to

characterize semiconductor laser performance:

T4(0) = 1, (@) exp(TZ; 4 ) . @27)

0
A high value of T, indicates relative temperature insensitivity for the laser device.
Typical characteristic temperature values are T, = 120 — 160 K for a GaAs/AlGaAs
dduble heterostructure laser diode operating at room temperature [50]. T, values
obtained theoretically through this model for conventional double heterostructures,
quantum well, quantum wire and quantum dot lasers are 104, 285, 481 °C, and oo,

respectively.
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The reason for such a dramatic increase in 7, can be understood as follows: for a
conventional double heterostructure laser, the intrinsic temperature dependence of J,
(which is not related to a leakage over the barrier and Auger processes) is ascribed to the
thermal spreading of the injected carriers over a wider energy range of states, which
leads to decreases of the maximum gain g(E,,.) at a given injection level. Consequently,
in quantum well lasers, where the density of states of the electrons and the holes are step-
like, the effect of such thermal spreading is expected to be smaller than in bulk-based —
lasers. In quantum dot lasers, the thermal spreading of carriers should vanish because the
density of state is 8-function-like. Hence, the temperature dependence of J,, will totally

disappear, as long as the electron population in the higher levels remains negligibly

smail.
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Figure 2.7 Numerical example of threshold current J,, calculated by extending the theory put forward by
Lasher and Stern [48] for (a) a double heterostructure laser, (b) quantum well laser, (c) quantum wire
laser, and (d) a quantum box laser [4].
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The structures studied in this thesis have finite-height potential barriers and, as
mentioned at the beginning of this chapter, the quantum dots have inhomogeneous
broadened energy distributions. In the theoretical analysis of gain and threshold current
of quantum dot lasers done by L.V. Asryan and R.A. Suris, these factors are taken into
account [51]. Their analysis considers three variables: the operating temperature, the QD
size fluctuations and the conduction and valence band offsets between the QD and barrier
material.

In the case of relatively low temperatures and/or deep potential wells, the
radiative lifetimes in QDs are small compared with the characteristic times of thermal
excitation (escape) of the carriers from a QD (nonequilibrium filling of QDs). Having
insufficient time to leave the QD, the carriers recombine within the dots and the
threshold current density is essentially temperature independent as in the model described
previously. The inhomogeneous broadening of the QD ensemble does not affect J,.

When the system is at relatively high temperatures and/or the structure has
shallow potential wells, equilibrium filling of QDs occurs. In this case, the characteristic
times of thermally excited escapes of electrons and holes from the QDs are small

compared with the radiative lifetimes in QDs. If the inhomogeneous line broadening
(4E), 1., i less than the temperature, J, is found to be proportional to the square root of
(4E);pom- When the inhomogeneous line broadening is larger than the temperature, J,

increases linearly with increasing (AE);som-
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These models assume that only the first quantized states (both in the conduction

and valence levels) are involved in the transitions.

2.5.2 Optical waveguiding

For a laser to function, one needs an active medium for light amplification, QDs
in the case of the samples studied for this thesis; and a resonating cavity, i.e. two mirrors
delimiting a cavity capable of optical mode confinement such as a waveguide. The slab
waveguide consists of a slab of high refractive index material sandwiched by low index
material. Assume that light propagates in a guided medium along the y-direction. The
light is confined in the z direction by the difference in refractive indices but diverges in
the x-direction because there is no guiding structure in this direction (see figure 2.6a).
Waveguiding in the x direction arises from the difference in gain between the regions
underneath and outside the electrodes in Fabry-Perot lasers.

The guided light propagates along the y-direction with a sinusoidal time
dependence (ax, not explicit here) according to the wave equation [52]:

V2E = ko2 -n’ (x,y,z) E , (2-28)
where the symbol E in the scalar theory represents the dominant component of the
electromagnetic field, k, = 27/ = w/c, n, is the index of refraction of the medium, and ®
is the angular frequency. When n, is y-invariant, the wave behavior can be described in

terms of modes characterized by a constant of propagation and a y-invariant mode profile
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of the electric field y(x,z):
E(xyz)=c,w,(nz)-e""+ [ Cl )y, (xz)-"F dv . (2-29)
i

The lower case letters refer to the guided modes, while the uppercase represents the
continuum of radiation modes that are necessary to take into account the part of the light
energy that is not guided in the waveguide. These modes decay very rapidly with y since
the continuous function B(v) is imaginary.

If we consider only the guided modes (y-invariant in profile by definition), we
obtain:

Viv+kniy=p"vy. (2-30)

The symbol L is used to indicate that the derivatives include only the direction
perpendicular to y and S is the propagation constant. This simplified equation is used to
determine the mode profiles in conjunction with the appropriate electromagnetic field
boundary conditions. These solutions are obtained numerically since only simple
waveguide cases can be treated analytically [S3]. In order to obtain the condition of total
internal reflection inside the waveguide, the core material must have a larger index of
refraction than the cladding material. Eigenmodes of the system must satisfy the
equation above, both in the x and z directions. The modes have well-defined field
distributions in the transverse x and z directions (transverse modes) and propagation
constants in the y direction which are determined by the standing wave condition. The
field intensity is the density probability of photons. A similar analysis can be done for
the magnetic field H.

Modeling of the eigenmodes for the lasers in this study was done using the
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multilayer slab guide model [54]. This technique is used when the slab waveguide
structure has many layers. The analysis of multilayer stacks starts with the theory
explained above as well as Maxwell’s equations and defines two field variables U and #
by

U=E, , W=wouH, (2-31)
which describe the transverse variation of the optical field. Here u represents the
permeability constant. These definitions are chosen because U(z) and W(z) are quantities
that are continuous at the layer boundaries. From solutions of Maxwell’s equations for
planar guides, we obtain the relations

U=-jW (2-32)

w=j(p*-n2k*)U , (2-33)
where the prime indicates differentiation with respect to z, and j is equal to \/——_1 . Both
U and W obey the transverse wave equation

Ut =(p*-n2k*)U . (2-34)
U and W describe the transverse field distribution in a particular layer of constant
refractive index n,. The general solution of the wave equation in this layer is

U=4 exp(—j;cx)-l—Bexp(jrcx) (2-35)

W =x[Aexp(-jxx)— Bexp(jxx)], (2-36)
where the wave number «is defined as

KP=nk’-p*, (2-37)

The constants 4 and B can be replaced by the input values U, = U(0) and ¥, = W(0) at
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the input plane z =0 of the layer. We obtain

A=%(Uo W, /) (2-38)

B =%(Uo _W,ix). (2-39)

A rearrangement of (2-35) — (2-39) leads to a simple matrix relation between the output

quantities U, # and the input quantities U, ¥,

U, U
0 M . (2-40)
W, w
where the pairs (U,, W,) and (U, W) have been written as vectors, and M is the
characteristic matrix of the layer. It has the form

M - cos(xx) (j/lc)sin(lcx1 . (2-41)

jsin(kx)  cos(kx)

Note that det M = 1.

Now consider a stack of n layers sandwiched between a substrate and a cover.
The layer thicknesses are 4; (labeling the layers starting from the cover) and the layer
indices are n,, where i = 1 to n. The output field variables for each layer are U; and W.

The characteristic matrices for the layers are

v - cos(x; ;)  (ifx.)sin(x, (2-42)
"7 ljx,sin(i, k) cos(ich) |’ -
where
ek (2-43)

The corresponding field variables are related by
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U) v (U
()en(e)

Using matrix multiplication, we obtain a simple relation between the input variables Uj,
W, at the cover and the output variables U,, ¥, at the substrate

UO - Un
) (o) @

n

where M is the characteristic matrix of the stack. The product of the individual layer .

matrices gives

my,; my,

M= =M,-M,-M, ..M, , (2-46)

My My

where m,,, m,, etc. are the matrix element used in the analysis.

Numerical calculations were carried for the waveguide structure shown in figure
3.1. The change in index of refraction as a function of the laser structure cross section is
displayed in figure 2.8a. The results demonstrate that the dominant guiding modes of the
structure are the first transverse electric and transverse magnetic modes. Figure 2.8b
displays the electric field intensity of the first guided mode. The narrowness of the field
intensity testifies that the outer heterojunctions confine the photons well (owing to the
large change in index of refraction between the Al,,;Ga,;sAs and the Alj;,Gag;0AS
regions). The lasing threshold current is influenced by the mode confinement factor &,

which is the ratio of the optical power in the active layer to the total optical power

JIE.G) dz

&=

— . (2-47)
Io IEx(z)|2 dz
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If the structure shown in figure 2.8 has one stack of quantum dots (as sample Ila
in chapter 3), the confinement factor for the dots is calculated to be ~ 0.5 %; i.e., there is
a 0.5 % overlap between the optical mode and the QDs. For a laser structure having five
stacked layers of dots with 7 nm spacer layers (sample /Ib in chapter 3), the confinement
factor increases to ~ 2.5 %. Quantum well laser structures have confinement factors
ranging between 2 and 10 % since wells are usually thicker than QDs [55]. Furthermore,
self-assembled QDs cover at most 50 % of the x-y plane ({32, 56, 57] and figure 3.3)

compared with 100 % for QWs, thus resulting in lower confinement factors for these

structures.
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Figure 2.8 (a) Index of refraction as a function of the laser structure cross section for samples /Ja and
IIb. (b) The doted line represents the electric field intensity of the first guided mode in the quantum dot
laser cavity. The cladding layers are symmetric on both sides of the active region.

35



2.5.3 Laser characterization

This section states the equations used for the characterization of laser properties
presented in chapter 4.

The electrical input power P,,,. provided to a laser structure is measured as P, =
R.P, where R, is the sample resistance and / is the current delivered to the device. This
resistance can be determined from a current-voltage (I-¥) plot

R, =3 (2-48)

f4r

The device external quantum efficiency 7., for stimulated emission is defined as the ratio
of the rate of photons leaving the exit interfaces (2P,) to the rate of carriers crossing the
junction [58], that is

2P
v, ’

3

(2-49)

New =

where P is the output power from one facet of a laser. The factor 2 in equation (2-49) is
included to account for light exiting from both facets. When one includes the power
losses from the residual contact resistance, the above equation becomes

2P
T =TV, IR,

(2-50)
Equation (2-27) is used to characterize the threshold current as a function of temperature.
For current values above the threshold, many emission lines may be observed in

the laser spectrum. These lines belong to the various longitudinal modes of the device,

which can be amplified simultaneously. The basic mode selection in the y-direction
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(longitudinal direction) arises from the requirement that only an integral number m of

half-wavelengths fits between the reflection plane. Thus

mA=2L,n,, 2-51)
where L, is the device length and n, is the refractive index. The separation A4 between
these allowed modes in the y direction is the difference in the wavelengths corresponding

to m and m + 1. Differentiating the above equation with respect to A, one obtains

2 Am
A= L [-Gifm)@n.Jan)] (252)

for large m. The term in brackets arises from dispersion.
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Chapter 3

EXPERIMENTAL TECHNIQUES

This chapter details the samples studied and the experimental techniques applied.
Initially a description of the different samples investigated with information on their
growth, material composition and bandgap energies is given. Additional structural
information, obtained from transmission electron microscopy, is discussed followed by
some basic processing steps involved in the fabrication of broad area lasers. The last two
sections present the fundamental theory and experimental implementation of the optical

characterization employed: electroluminescence, photovoltage and photoluminescence.

3.1 Sample growth and preparation

All samples were grown by molecular beam epitaxy (MBE) on an #-doped GaAs
(100) substrate. The Stranski-Krastanow growth mode was used to produce between one
and five layers of QDs in the active region of a two-step separate confinement
heterostructure (figure 3.1). The structures generally consisted of a thick (~2 pm)
Al Ga,_As contact layer doped n" ~ 6x10'7 cm?, followed by a bottom cladding layer of

n ~ 3x10' cm™ doped AlL,Ga, As. The active region is composed of 15 nm undoped
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Al,,sGag;sAs on each side of the InggAlyssAs QD layer. The symmetric p-doped step-

graded cladding and contact layers with corresponding doping and material

concentrations follow and a 300 nm p™-GaAs cap (p ~ 3x10" cm™) terminates the

300 nm

1.47 um

80 nm

15 nm

15 om

80 nm

» 4P ¢—>

4— P 4— P 4—> ¢

 p’-GaAs cap

p -Al Ga, As contact layer

p-AlGa, As top cladding layer

Aly.Gay As

Aly;Gay-As

n-AlLGa, As bottom cladding layer

n"-Al Ga, As contact layer

. o 4 4 o 4B <

n-GaAs substrate

e i A e aa e e

Figure 3.1 Cross-sectional view of the QD laser structure.

Strained layer
In, Al ;6AS

structure. Silicon was used for the n doping, while beryllium was employed for the p

doping. The entire structure was deposited at T~ 630 °C, with the exception of the QD

section deposited at ~ 530 °C. Growth was interrupted for 2.5 minutes after the
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deposition of the QD layer; this growth interruption is arbitrary but important since in
some strained systems, an evolution of the QD characteristics such as narrowing of the
size distribution and lowering of the dot density is observed after material deposition [59,

60].

Table 3.1 enumerates the specific material compositions of six samples grown
using this procedure. Sample /a, Ib, Ic and III were fabricated at the National Research
Council Canada using a modified V80H VG-Semicon MBE system, while samples I7a

and ITb were rendered at Nortel Technology using 2 V80H VG-Semicon MBE system.

Sample Description Deposited Cladding  Confact layer
amount of layer Al Ga As

Ing s4Alg36AS Al Ga, As

Ia Single layer 4.5 ML y=0.30 x=0.33

Ib Single layer 2.5ML y=0.30 x=0.33

Ic Single layer 2.0 ML y=0.30 x=0.33

Ia Single layer 5.0 ML y=035 x=0.70

JIb | Slayersofdotswith 4.5 ML y=035 «=0.70
8 nm Aly55GagysAs

spacer layers

III Uﬁz‘x.&&m y=0.35 x=0.70

Table 3.1 Material composition of the various lasers studied. ML stands for monolayer-
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Samples Ia-c are all single QD layer laser structures with different amounts of
deposited material. They are used to study the emission characteristics of the QDs,
wetting layers and barriers. Samples Ja&b have an improved carrier confinement
resulting from the higher potential barriers (figure 3.2). IIb is used to study the laser
properties observed when more than one stack of layers is present in the active region.
Sample II7 is a reference GaAs/AlGaAs QW laser. The confining potentials are drawn in
figure 3.2 for samples [ and I [61-63]. Table 3.2 displays the bandgap energies and
conduction band offsets of the different materials contained in the heterostructures. The
conduction band offsets (AV) correspond to ~ 70% for AllnAs/AlGaAs systems and ~
65% for AlGaAs/GaAs based systems [64, 65]. The lattice mismatch between
Al 5Ing o, As and Aly,sGaysAs is ~ 3.2 % [63, 66]; this tensile strain produces a decrease

in the bandgap compared with unstrained materials.
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cl

1.98 eV 124 eV 2.12eV 1.24 eV

Figure 3.2: Schematic energy-band diagram of (a) samples /a-c, and (b) samples [la&b.

Activ.  Buffer layer  Cladding Contact
Samples e layer layer AV, AV, AVg4

layer  Aly,sGag;sAs Al Ga, As  AlGaAs

E, E, E,

ES
I 1.24 1.87 1.94 1.98 042 0.047 0.027
II 1.24 1.87 2.00 2.12 042 0.087 0.08
il 1.42 1.87 2.00 2.12 029 0.087 0.08

Table 3.2: Bandgaps and conduction band offsets at room temperature in eV. The QD and contact layer
bandgap values do not include the effects of strain.

42



To measure the QD structural characteristics of the various samples, cross-
sectional transmission electron microscopy (TEM) was performed. Figure 3.3 reveals
samples having a high density of InAlAs islands, with a base diameter of ~20 nm and a
thickness of ~ 5.0 nm. The WLs have a thickness of 2-3 nm. These structural
characteristics are comparable to the ones obtained with similar self-assembled dots
where other fundamental studies were performed [67, 68]. Figure 3.3c shows the cross-
sectional TEM of sample IIb, where the 5 stacks are clearly observed and demonstrate )
vertical self-alignment of the dots caused by the interacting strain fields induced by the
dots which give rise to a preferred direction in the In migration [69, 70]. The dot
dimensions increase in the upper layers in a correlated growth regime. This vertical self-
assembling is only observed in samples were the spacer layers are thin (less than ~ 30

nm) [69].

The TEM micrographs also show that the growth front returns to a planar mode
after only a few nanometers of deposited Aly,;Gay;sAs above the quantum dots to
produce an atomically flat interface at the upper Al, 25Gag;sAs/Al Ga, As heterojunction.
The estimated dot dimensions and densities obtained from the cross-sectional TEMs are
displayed in table 3.3. Sample Ia’s TEM micrograph QD features were not clear enough

to allow quantification of the QD density.
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Alo30Gag.0As

_ Alo2sGag75As
€ IngsaAlo3sAs QDs
Alo25Gag75As

Alp30Gag.70As

Figure 3.3: TEM cross-section view of the active region of the samples, which reveals the AlgislnggiAs
QDs (dark) at the center of the Alg2sGagssAs (pale), and with the Alo 25Gag 1sAs/Al,Ga,yAs interface (line
above and below). (a) Sample /a with 4.5 ML of deposited material, (b) sample J/a with 5.0 ML, and (c)
sample 1/b, the stack of 5 QD layers with 4.5 ML deposited.



Sample QD density Average QD QD heights
base diameters
{dots/pm?) (nm) (nm)
Ia Not measured ~20 6.3%1.0
IIa 500 £200 ~20 55+10
IIb 2500 £ 1600 ~15-36 ~3-4

Table 3.3 Estimated QD dimensions obtained from cross-sectional TEM aspect ratio measurements.

Secondary ion mass spectroscopy (SIMS) analysis was performed on sample [Ib.
Doping level results showed beryllium diffusion, the p-dopant used, all the way through
the intrinsic region. This dopant diffusion in the active region was expected to affect the
performance characteristics of the lasers, and therefore the intrinsic region was widened

in the subsequent growth of sample la (IIb was grown before /la).

The laser structures wers processed into broad area lasers with two cleaved
uncoated facets to form a laser cavity. A ~ 2 cm” wafer piece was cleaned using organic
cleaners, hydrochloric acid, and ammonium hydroxide. The p-doped side of the structure
was coated in photoresist with a stripe pattern mask over it, which was then exposed to
ultraviolet light and subsequently etched, leaving only the stripe design. After this, 25
nm of titanium, 55 nm of platinum, and 300 nm of gold were evaporated onto the sample,
and this was followed by a metal lift-off. The metal stripes were used as the positive
electrical contacts during the experiments; these had widths of 40, 60, 100, 150, and 200

pum. At this point, the metals used to protect the semiconductor material beneath them,
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the top 0.6 um of GaAs, and the AlGaAs p layers were etched away. This etch prohibits
current spreading along the lateral direction of the laser. The GaAs substrate was then
thinned from 600 pum (samples la and IIb) or 450 pm to ~ 150 pm for easy cleaving, and
25 nm of nickel, 55 nm of germanium, and 80 nm of gold were evaporated at the base of
the sample and were used as the negative electrical contact. The processed samples were
cleaved into 400 pm-1250 pum wide strips, and each strip holding 5-10 broad area lasers.
The strips were then bound on laser diode mounts with a thermally activated, electrically
conducting epoxy which provided the negative contact, while gold bonding of the top

metallization strip provided the positive contact.

3.2 Electroluminescence

In electroluminescence (EL), electrons and holes are injected electrically into a
sample and emit a photon after recombination. In a quantum dot laser structure, the
carriers are injected into the barrier material, and diffuse to the vicinity of the quantum
dots. At this point, the carriers thermalize through phonon emission and/or carrier-carrier
(Auger) interaction from a continuum of barrier states, to the WL, and subsequently to
the discrete states of the quantum dots where they eventually recombine radiatively.
Band-to-band recombination follows the selection rules stated in section 2.4. This was
the main technique utilized to characterize the samples since electrical injection
experiments provide very clear results in many layered heterostructures.

Figure 3.4 illustrates an EL set-up. The sample was placed in an optical cryostat
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that kept its temperature constant and allowed for electrical contacts. Under forward
bias, electrons and holes were injected electrically into the semiconductor laser where
they recombined in the active region producing photons. The luminescence was
collimated and focussed by a lens system into the entrance slit of a spectrometer. The
emitted light spectrum was then dispersed by a grating and detected with an appropriate
photodetector. The detected signal was digitized and stored in a computer.

The typical apparatus consisted of a liquid helium-cooled optical cryostat -
equipped with a heater and temperature controller for measurements between 7' =5 K and
T = 300 K with an uncertainty of + 2 K, or a liquid nitrogen-cooled optical cryostat for
measurements at T = 77 K. The QD lasers were excited using a Hewlett Packard 214B
pulsed power supply driven at a frequency of 100 Hz and having 10 psec square pulse
widths. Voltages were measured using a Tektronix TDS 320 oscilloscope. The inset in
figure 3.4 shows the electrical circuit employed to measure the potential difference. The
samples in the cryostats were mounted on a cold finger in thermal contact with the
cooling liquid.

In the case of the helium-cooled cryostat, a 0.66-m spectrometer equipped with a
600-grooves/mm grating dispersed the light onto a Spectrum One CCD array by SPEX
Industries. The CCD array used a parallel detection scheme with a window range of 118
nm over 1024 pixels when using the 600-groves/mm grating. A luminescent line having
a FWHM of 3 pixels on the CCD detector leads to a spectral resolution of 0.35 nm, which
translated to an energy resolution of 0.9 meV at 700 nm.

In the case of the liquid nitrogen-cooled cryostat, a 0.67-m spectrometer was used

with a United Detector Technology PIN 10D Si photodiode for strong luminescence
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signals and a Hamamatsu R928 photomultiplier tube for weaker signals. A dispersion of
~ 1.2 nm/mm was obtained with a 1200 grooves/mm grating, giving an energy resolution
of 3 meV at 700 nm. The signal was analyzed with the help of a Stanford Research
Systems SR810 DSP lock-in amplifier. The uncertainty on the detected signal is
determined by evaluating the intensity changes in a part of the spectrum that has no

features. This would correspond to a random uncertainty of + 0.05 on the noisy spectrum

in figure 4.1 and to values equivalent to the trace width in figure 4.3.

To lock-in amplifier,
computer, etc.

Laser |----—-—=->» ===
TN
[}
Chopper P Detector
v ]
Cryostat Filter —— 1
i ]
}
PP —/ Spectrometer
-’:::::___£ ______ {____)_____E:
\ . Lens | Lens 2 f
7 Optical Slit

Electrical

wires for EL
Sample

Figure 3.4 Experimental set-up for electroluminescence and photoluminescence. Shown at the bottom of
the figure is the electrical circuit used for powering the QD lasers.

For the lasing output characteristics of the devices, a Newport 840 optical power

meter was placed at the exit window of the cryostat. This allowed the measurement of

48



the total output power as a function of the current injected into the device. A systematic
measurement uncertainty of ~ 10 % arises from a partial light reflection in the cryostat
window and from a possible clipping of the laser beam due to the small window
diameter. This uncertainty is not taken into account in the calculations. The residual
contact resistance has an uncertainty of ~ 10 %. This value is obtained from the linear
regression of the lasers -V plots. The measurement uncertainty combined with the
residual contact uncertainty results in systematic u;lcertainties of ~ 15 % on external -
efficiency values. The curve shape is still valid since random uncertainties due to
electronic instruments such as oscilloscope, muitimeters and power meter are less than 2-
3 % total.

The uncertainty on the threshold current density is dominated by a possible
current spreading along the lateral direction (x-y) of the metal gate and the effective laser
width becomes greater than the actual gate width [50]. This systematic uncertainty can
be estimated to be ~ 10 % and is not taken into account in the calculations. The random

uncertainty due to electronic instrumentation can be estimated at less than 5 %.

3.3 Photovoltage and photoluminescence

Some of the samples where studied by photovoltage (PV) and photoluminescence.
Photoluminescence is the radiative process by which a material emits a photon after
recombination of thermalized photo-created electron-hole pairs. Photovoltage is a

scanning technique sensitive to direct changes in the optical properties due to
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modifications in the absorption coefficient related to the various energy levels. This
technique can give useful information on the quantum dots as well as higher energy
levels from the wetting layer and the barrier materials.

The PV experimental set-up (figure 3.5) consisted of a tungsten filament light
source dispersed with a spectrometer; the monochromatic beam exited the spectrometer,
went through a chopper, and was focused with two lenses on the sample through one of
the optical windows of the cryostat. The laser sample was used as a light detector, and
the PV was measured by standard synchronous techniques. The measurements were

done with equipment described in the electroluminescence section.

White light
source
!
Cryostat !
Spectrometer
4 4 —4—
—————— i St B it S
. \ . + v
: Lens | Lens2 Chopper /‘
Optical Slit
window

Electrical
wires for PV

Figure 3.5 Experimental set-up used for photovoltage.

The experimental set-up used for PL was very similar to the EL set-up described
earlier (see figure 3.4). In this case, a filtered laser beam, at an énergy larger than the
materials bandgap value, was used to excited the sample. Experiments were done with a
continuous wave argon ion laser at Aexc = 514.5 nm. For thick samples with a significant

number of layered materials such as the ones studied here, PL spectra were often
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ambiguous since interference fringes were present due to the device waveguide
configuration, and since luminescence intensities from the different material layers varied

greatly depending on the position and angle of the incident laser light.
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Chapter 4

RESULTS AND DISCUSSION

Electroluminescence spectra of samples with different deposited amounts of -
InAlAs are acquired to characterize the spontaneous and stimulated emissions originating
from QDs, WL, and barrier material in the laser structures. In addition, the structures are
verified using photoluminescence and photovoltage. A dependence on the confining
potential for the temperature characteristic ~of the threshold current
is observed when comparing samples with different barrier layer confining energies. The
specific properties of multi-stack QD structures are shown and subsequently discussed.
Operating characteristics of QD lasers, such as peak power output, external quantum
efficiency and temperature dependence of threshold current density, are also presented.

These results are systematically compared with control QW lasers.

4.1 Electroluminescence

The first part of this work provides experimental evidence that stimulated
emission can be obtained from QDs. The three samples having different deposited

amounts of InAlAs, but the same confining potentials: samples a, Ib and Ic are discussed
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in this section. Samples la and /b were processed into 60 um by 400 pm broad area

lasers.

4.1.1 Spontaneous emission from quantum dots

As shown on the TEM in figure 3.3a, sample /a has a relatively high QD density.
If we assume a QD coverage of ~ 50% of the plane (which is roughly that estimated from
the TEM cross section), the number of QDs which are present in the resonating cavity (60
um x 400 um) can be estimated at ~ 10”. At T =77 K, for very low injection currents,
the EL emission of this sample is centered at a wavelength 1 =725 nm (1.711 eV) with a
~ 54 meV full width at half maximum (FWHM) Gaussian lineshape (figure 4.1). This
emission spectrum is similar to the PL spectrum obtained with nominally equivalent QDs
grown in an n-i-n structure designed for a separate optical investigation [71]. It is also
comparable to the PL spectra obtained from self-assembled QDs displaying efficient
photocarrier thermalization with no observable excited-state emission under low
excitation intensity (figure 2.2). The inhomogeneously broadened Gaussian EL line
shape is therefore attributed to the emission from injected carriers thermalized in the
statistically distributed ground states of the probed QDs.

A closer look at figure 4.1 reveals a slight asymmetry in the EL peak broadening
to higher energies indicating the possibility that some state-filling effects occur at very
low injection current densities. As described in section 2.1, state-filling effects are due to
the fact that only two carriers can populate the ground state level in 2 QD. Under low

excitation intensities, only the ground state level of the QDs are populated owing to a fast
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intersublevel relaxation from the higher energy levels to the lowest energy level, leaving
only radiative recombination from the QD ground states. As more carriers are injected
into the QD structure, a progressive saturation of the QD ground states occurs, leaving
the higher energy states populated. Therefore, under such high injection, radiative
recombination from excited states is observed as the intersublevel carrier relaxation
toward the lower level is slowed due to the reduced number of available final states [21,
35-37, 56]. If the inhomogeneous broadening were less than the intersublevel spacings,
the state filling effect would give distinct peaks at high injection currents similar to the
ones observed in figure 2.3. For these InAlAs QDs, the inhomogeneous broadening is
larger than the inter-sublevel spacing, so the state filling effect produces a spectrum with
an asymmetric peak shifting towards higher energies as the injection current is increased

[9, 30].
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Figure 4.1 EL of sample /a for very low bias (/=13 Alcm?)at T=7TK

When large ensembles of QDs are probed, it is not possible to observe the very
sharp homogeneous EL emission line of each individual QD (see figure 2.3, p. 12) [37].
To reveal the intrinsic sharpness of the emission from each QD, we gated the structure
with an opaque electrode having a small opening (a few square micrometers) in its center.
The detected EL, which originates from a much smaller number of QDs, is shown in the
high resolution EL-spectrum of figure 4.2 for various applied voltages. As observed, a
number of sharp spectral features of comparable amplitudes appear with FWHM ranging
from 200 to 500 ueV. Each sharp feature corresponds to the EL of a few QDs emitting at
similar wavelengths. The small energy shift of individual lines (redshift) observed with

increasing voltage can be attributed to the quantum-confined Stark effect [71]. The
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sharpness of the lines demonstrates the zero-dimensional nature of the energy levels in

which the electrically injected carriers thermalize and recombine.
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Figure 4.2 Low-temperature (4.2 K) EL spectra obtained at various applied voltages on sample /a gated
with an opaque electrode having an opening of a few square micrometers that is used to delineate the
number of QDs probed. The sharp emission lines reveal the discrete nature of density of states of the
individual dots.

4.1.2 Stimulated emission from quantum dots

The 77 K EL emission from a broad area laser structure under forward bias is
shown in figure 4.3. For currents < 10 mA, the EL line shape is Gaussian and centered at
725 nm (lowest curve of figure 4.3a is the curve displayed in figure 4.1). With increasing

current, the emission peak becomes asymmetric and shifts to higher energies. For
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currents just below lasing threshold, the spectral distribution narrows progressively and at
~ 175 mA (current densities J ~ 700 A/cm?), a stimulated emission peak appears on top
of the asymmetric EL peak. As the current is increased further, the laser cavity supports
multiple longitudinal modes, and several sharp lasing peaks appear near 707 nm (1.754
eV). These can be seen more clearly in the semilogarithmic plot of figure 4.3b for a
current of 600 mA (J=2500 A/cm?), and a peak laser output power of 44 mW. These
wavelengths are in the far red spectrum and can be seen by eye. The output beam is
spatially collimated and has a considerable divergence due to the very narrow active

region. This stimulated emission is attributed to the QDs.
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Figure 4.3 The (a) EL and (b) multimode lasing spectrum at 77 K of sample /a for forward biases. The QD
structure processed into a broad area laser emits in the red wavelengths (1.754 eV). The emission changes
from spontaneous to stimulated as the injection current is increased above a threshold of 175 mA (Ji ~ 700
Af/cm®). The optical gain for the various lasing modes is provided by a different QD subset in the ensemble
of ~ 107 QDs in which carriers are injected.

For each longitudinal mode, a different subset of the QD ensemble provides the
opﬁcﬂ gain. The ~ 40-meV blue shift observed between the low-current Gaussian EL
spectra and the asymmetric spectra at threshold is most likely attributable to a change
from emission from the QD ground states, at' low current, to emission from the QD

excited states, at threshold current where the larger number of injected carriers are filling

58



the QD ground states. The 40-meV shift would then correspond to the sum of the
electron and the hole intersublevel spacings between two adjacent allowed optical
transitions. This is consistent with similar state filling effects observed in the PL spectra
of QDs excited optically [9, 30, 31, 35, 60]. Furthermore, the small higher energy peak
observed at A = 724 nm (1.713 eV) under lasing conditions (figure 4.3b) matches the
peak position of the ground-state emission that is observed at very low injection currents
(lowest curve of figure 4.3a). Other lasers fabricated from the same wafer gave spectra -
equivalent to those presented in figure 4.3, including the weaker peak at 4 = 724 nm in
their lasing spectrum. This result suggests that the stimulated emission at 707 nm
originated from the QD excited states and that the weaker peak at 724 nm originates from
the filled QD ground states.

To obtain stimulated emission, each emitted photon on average must produce
more than one stimulated photon before leaving the laser or being absorbed. The first
QD sublevel is limited to two carriers, hence the photon production from ground state
recombination in a QD laser structure may not be large enough for the power gain to
exceed the losses. By increasing the injected carrier population, state filling effects
occur, and radiative recombination from the second QD sublevels dominates the
spectrum. These levels are doubly degenerate and permit a population of four carriers.
More photons can be produced from the second level increasing the gain sufficiently to
exceed the losses due to absorption in the amplifying medium and the power loss by
transmission through the mirrors. Therefore, the larger degeneracy in a higher-order QD
electron state can provide a larger optical gain compared with that of the ground state

[72].

59



The luminescence properties of sample Ja can be compared with the emission
from samples grown with the thinner strained Ing ¢sAlo36As layers, samples /b and Ic.

For sample Ic only 2 monolayers (ML) of IngssAlo3sAs were deposited. As
shown in figure 4.4a, the 5 K EL spectra for very low injection current displays
spontaneous emission from a well-defined dominating quantum-weli peak at A = 673 nm
(1.842 eV) having a 15 meV FWHM and a quantum dot emission peak at A ~ 718 nm -
(1.727 V). Even at such low current, the QD emission shape displays an asymmetric
shift towards higher energies. The broad area laser structure based on this very thin
quantum well produces stimulated emission at 5 K as shown in figure 4.4b and 4.4c. The
lasing threshold injection current is roughly four times larger than that of the QD sample
Ia. The stimulated emission originates from the bulk Alo2sGao7sAs at A =658 nm (hv =
1.884 eV) just above threshold (830 mA, curve ii), but as the current is increased to 900
mA, lasing from both the bulk AlGaAs and the thin quantum well at 1 ~ 670 nm (hv ~
1.851 eV) is observed (curves iii and iv). For currents equal or greater than ~ 1.2 A,
some weak residual QD emission was observed (curve v). This stimulated QD emission
originates from excited levels in the dots since emission is centered about A = 699 nm
(1.774 V), a 47 meV shift compared with the spontaneous emission peak centered at A ~
718 om for very low currents. For sample Ic, above lasing threshold, a gradual
broadening of the spectral distribution is observed as the current is increased (from curve
ii to curve iv in figure 4.4) as well as a sharp increase in the light output intensity which
is characteristic of stimulated emission in semiconductor laser diodes. The fine structure

observed in curve iv corresponds to longitudinal modes, where the long resonating cavity
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Figure 4.4 Spontaneous and stimulated emission spectra of a ~ | mm wide by ~ 1 mm long piece of
sample Ic at 5 K. In (a), curve i displays spontaneous emission at very low currents from the WL and QDs.
The spectrum noise is due to the very weak light emission at such a small pulsed injection current. In (b),
curve ii demonstrates spontaneous emission from the Alo2sGagsAs barriers which changes to stimulated
emission in iii. As the current is increased above 900 mA, the wetting layer peak is also contributing to the
lasing. For large currents (c) laser emission from the residual QDs is also observed (curve v). The
broadness of the WL peak could be caused by monolayer fluctuations in the WL and/or many body effects
such as bandgap renormalization and band filling.

length imposes a narrow mode spacing. This very thin QW is comparable to the WL in

the QD sample (sample a); its EL spectra has only a small but identifiable QD
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contribution. This allows us to deduce that the stimulated emission observed in the QD
sample originates from the QDs.

The observation of some residual QD emission in the very low curmrent
spontaneous emission spectra, and the high current stimulated emission spectra of sample
Ic suggest that the 2-ML deposition corresponds to the early stages of island formation.
The thin quantum well can therefore be expected to be sprinkled with low density islands
having gocd uniformity [57, 73].

Sample /b has a slightly thicker deposition of InAlAs (2.5 ML compared with 2
ML for Ic). At T =3 K, for low current densities, the behavior of sample /b is similar to
that observed with the 4.5 ML laser structure (sample Ia): the spontaneous emission and
stimulated emission originate from the QDs exclusively (figure 4.5a) with a lasing
threshold of ~ 260 mA (Ji; = 830 A/cm®). We can therefore deduce that this sample has a
higher island density than sample Ic.

However, as shown in figure 4.5b, when the current is increased to 1.5 A at T=35
K, in addition to the QD lasing at A = 703 nm (hv = 1.764 eV), weaker peaks originating
from the bulk Algs5sGag7sAs and from the WL appear at 1 = 670 and 658 nm (hv = 1.851
and 1.884 eV), respectively. Also, at 80 K sample /b displays the QD, wetting layer, and
the bulk Aly2sGagsAs peaks for currents just below lasing threshold, as displayed in
figure 4.6. For currents above lasing threshold, at 80 K the sample shows a behavior
similar to that at 5 K. These radiative recombinations observed at higher temperatures or
higher currents, or both, indicate that the injected carriers transit in the wetting layer and
the bulk Alg2sGag7sAs of sample Ib for a relatively longer time than in those of sample

Ia. The lasing properties obtained with samples /b and Ic are therefore in contrast to the
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Ia QD laser structure for which no bulk or wetting: layer emission could be observed for
any currents from S to 77 K. This result indicates that if the density of QDs is large

enough, all the injected carriers are captured and thermalize efficiently to the QDs.
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Figure 4.5 EL spectra of sample /b at 5 K. In (a) spontaneous and stimulated emission from the QDs, the
curves have a behavior comparable to sample Ja (figure 4.3a). For large currents (b) laser emission from
the WL and Aly2sGag 7sAs barrier is also observed.
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Figure 4.6 EL spectrum of sample /b at 80 K just below lasing threshold (/ = 550 mA). The QD peak
centered at 1 =706 nm has a narrow spectral distribution characteristic for just below threshold conditions
and changes to a stimulated peak at /=564 mA. The bulk Alg25GagssAs and WL peaks at 4= 658 nm and
A =678 nm will only emit stimulated emission at very high current (850 mA).

4.2 Photoluminescence

PL measurements on the (110) surface of a small piece of sample /a were done at
77 K. The incident laser beam was focussed on the cleaved face of the sample to a spot
50-100 pm diameter. Figure 4.7 displays the PL spectrum for an excitation power of 72
mW. The dominant peak at A = 631 nm (hv = 1.965 eV) corresponds to the
Aly33Gage7As contact layer. This peak dominates the PL spectrum since the

Alg33Gage7As material is the most abundant material in the structure. A shoulder at 4 =



638 nm (hv=1.943 nm) matches the Alg30Gao70As cladding layer bandgap energy. The
weak emission peak at A = 668 nm (hv = 1.856 eV) originates from the Alo25Gag7sAs
barrier material. The double peak at lower energies (1 =711 nm and 731 nm, Av = 1.744
and 1.696 eV) is attributed to the QD emission from the ground state and excited states
respectively. A 100 fold decrease in the pump intensity still produced state filling effects
in the QD emission. However, a shift in the incident laser beam position away from the
dots, resulting in the probing of the barrier materials mostly, revealed emission from the -
QD ground states only (1 = 736 nm). For this case, the Alo33Gags7As peak is 7 times
more intense than the peak originating from the QDs. This procedure results in a much
lower effective excitation intensity of the QD region, meaning that for this excitation

level the QD’s ground state does not saturate.
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Figure 4.7 PL spectrum of sample /a at 77 K with a high excitation intensity (72 mW).
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4.3 Photovoltage

PV measurements were performed on samples /a and /c in order to obtain further
information on their structural characteristics. The PV spectra in figure 4.8 confirm that
sample fc does not have many QDs: for sample /a, a broad peak which is coincident with
the EL/PL emission and attributed to the InAlAs QDs is seen at A ~ 710 nm (kv = 1.75
eV), whereas sample Ic shows no peak at this wavelength. However, a shoulder located -
at 1 ~ 670 nm (kv = 1.85 eV), which is consistent with both EL and PL results and
assigned to the InAlAs WL, is observed. In both cases, a large peak is dominating the
spectra at higher energies. For sample Ia, the Alo30Gao70As cladding layer seems to
dominate the PV spectrum since the uppermost values are at wavelengths around 640 nm
(hv = 1.94 eV), while for sample Ic it seems to be the Alo33Gaos7As contact layer that
dominates since the maximum intensities are around 622 nm (Av = 1.99 eV). Shoulders
on both sides of the main peak in sample Ja can be attributed to the structure contact and
buffer layers. In the spectrum for sample Ic, the two faint shoulders at energies lower

than the main peak can be attributed to the cladding and buffer layers of the device.
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Figure 4.8 PV measurements at 77 K of () sample /a and (b) sample /c. In (a), the two main peaks are
situated at 1~ 640 and 710 nm. In (b), the two foremost peaks are located at 4 ~ 622 and 670 nm.

4.4 Laser operating characteristics

The quantum efficiency of sample /a at 5 K was investigated by monitoring the
output power emitted (L-I characteristics) from one of the cleaved facets as a function of
injected current for pulsed electrical excitation. Figure 4.9a shows the output power and

figure 4.9b displays the external efficiency for injection currents up to 2 A. The
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threshold current density is 560 A/cm?, and the differential efficiency above threshold is
0.2 mW/mA. The one-facet power output reached 200 mW at 1.9 A. From the current-
voltage characteristics, a residual series resistance of 1.6 ohms is deduced, so, if
correction for the power loss in this resistance is taken into account, the net external
quantum efficiency (for both facets) is calculated at ~ 8.5%. This result indicates that the
internal gain in the individual QDs is high compared with similar double-heterostructure
QW and bulk lasers. The capture and thermalization of the injected carriers must be
efficient, since the QD coverage is at most 50% and, due to the state distribution width of
~ 60 meV, only a small fraction (estimated to be 5%) of the QDs can emit at the lasing
energy. Figure 4.10 displays the temperature dependence of the threshold current density
for sample Ia. The threshold current density of the QD laser changed little between 5 and
77 K but increased quite rapidly above 80 K. This decrease in the QD laser efficiency at
higher temperatures is most likely due to a nonoptimized design of the separate

confinement which is discussed later in section 4.5.
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Figure 4.9 Lasing properties of sample /a at 5 K as a function of the injection current for forward-bias

pulses. (a) Peak power emitted from one facet; (b) two-facet electrical-to-optical conversion efficiency 7.,
with and without corrections for the power losses in the residual 1.6-ohm contact resistance.
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Figure 4.10 Temperature dependence of the threshold current density for sample /a. Measurements where
done on a 60-pum wide by 400-um long laser cavity.

4.5 Effects of the confinement potential

To obtain room-temperature laser operation, sample [Ja was grown with confining
barriers higher than those of sample Ia (refer to figure 3.2). Sample //a has 5.0 ML of
Ing 64Alo36As nominally deposited while sample /a had only 4.5 ML, this should result in

a higher dot density and a larger inhomogeneous broadening of the spontaneous emission

linewidth.
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4.5.1 Electroluminescence

The T =5 K emission from sample Ila is displayed in figure 4.11. Unlike what
was observed for sample Ja, no Gaussian lineshape is observed at low injection currents;
instead an asymmetric peak shifted toward higher energies is seen indicating that state
filling effects are present in this structure as well. The lineshape depicted in figure 4.11a
was also observed at T = 77 K with the same laser, as well as with other laser devices
processed from the same wafer at the same temperatures. With increasing current, a
stimulated emission peak at A = 686 nm (hv = 1.807 eV) appears on top of the
spontaneous asymmetric peak. Compared to the earlier samples, the peak position is
shifted towards higher energies, which could be the result of a smaller average dot size, a
different dot alloy composition, a different growth temperature for this sample, emission
from higher QD excited states as compared to sample /a, or a combination of these

effects.
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Figure 4.11 Spectral output at 5 K of sample [Ia. In (a), the data is for a current density of 1.7 A/cm® and
represents a blow-up of the bottommost curve seen in (b). The noise in the spectrum is due to the very
weak light emission at such a small pulsed injection current. In (b) the current densities varies from 1.7

A/cm® for the lowest curve to 4.6 A/cm? for the top curve.

As the sample temperature is increased from 50 to 140 K, the laser emission

energy shifts gradually from excited states emission to ground states of the QDs, as

shown in figure 4.12. The shift is gradual due to the varied inter-sublevel energy

spacings included in the QD ensemble. The room temperature spectral output of sample



IIa is displayed in figure 4.13. Curve (i) shows the spontaneous emission from the QDs
ground states; its Gaussian lineshape reflects the inhomogeneous broadening of the QD
ensemble. Curve (ii) is taken slightly above threshold at 4.4 kA/cm?, and shows at 723

nm (Av=1.75 eV) room-temperature stimulated emission.
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Figure 4.12 Sample IIa threshold stimulated emission of a 40 pum x 400 pm cavity for temperatures
between 70 and 100 K. As the temperature is increased, a shift in the spontaneous emission line shape
from asymmetric towards symmetric is observed. The stimulated emission peak position also shifts in the
samie manner.
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Figure 4.13 Room temperature spectral output of sample Ja before and after threshold: for J= 4.0 kA/cm®
(i); and J = 4.4 kA/cm® (ii).

The fact that the EL spectra at low temperatures and low currents displays state
filling, indicates impeded carrier thermalization and radiative recombination from the
excited states. This means that the inter-sublevel and interband relaxation dynamics are
comparable for this sample at very low carrier density and at low temperature. As the
temperature is increased, the emission shifts towards lower energies. This behavior
reflects the increased thermionic emission rates of the carriers in the higher-energy
excited states, and the larger phonon population which can help carrier thermalization to
the ground states. These effects are displayed in figure 4.14. Efficient carrier relaxation
to lower states occurs predominantly by longitudinal acoustic phonon emission if the
energy levels are separated by no more than a few meV, or by longitudinal optic phonon

emission if the levels are within a few tens of meV from each other [37, 74, 75]. The
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accepted value for the InAs-like longitudinal-optical phonon energy is 30 meV and for
the AlAs-like longitudinal-acoustic phonon it is 50 meV [63]. Sample Ia’s energy level
spacing could be close to one of these values; this might not be so for sample 175. These
two samples probably have different energy level spacings due to their different InAlAs

deposited amounts as well as their different potential barrier heights.
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Figure 4.14 Sketch of the temperature effect in one specific QD. For temperatures 7, the state filling
effect is present due to a small phonon population impeding carrier thermalization to the ground state and a
low thermionic emission rate of the carriers over the barrier permitting recombination to take place in the
excited states. For temperatures Ty, a large amount of phonons is available to assist in thermalization of
the carriers to the ground state.
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4.5.2 QD and control QW laser characteristics

Figure 4.15 compares the temperature dependence of the threshold current density
(Ju) for samples Ja and [Ta. For temperatures below 50 K in sample Ia, the lasing
threshold is almost independent of temperature, but for higher temperatures the threshold
increases rapidly and can be explained by the shallow separate confinement structure.
This is further confirmed by comparing these results with the ones obtained from sample _
Ila; in this case, the temperature range for which the threshold has little temperature
dependence extends to T ~ 75 K. Ancther effect of the higher confining barriers is the
sharp decrease in the threshold current density at low temperatures from Ji around 650

A/cm? in sample a to record low values of ~ 2 A/cm? in sample a.
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Figure 4.15 Temperature dependence of the threshold current density for samples /a and a.
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A control laser diode structure was grown with 5 QWs instead of one QD layer to
observe possible advantages of these zero-dimensional devices over two-dimensional
ones. This structure was grown using the same sequence as before but with active
regions incorporating QWs instead of QDs by using thinner IngssAlossAs layers, thus
stopping the growth prior to the island formation. TEM results show 1-2 nm thick QWs
with no QD formation and, at 7= 5 K, the Fabry-Perot laser cavity emits at A = 682 nm
(hv=1.818 eV). Figure 4.16 shows the temperature dependence of the threshold current -
density for this thin multiple QW sample and for sample ITa. At temperatures below 125
K, the thresholds of the [nAlAs QW laser have a slightly more pronounced temperature
dependence than the ones of sample [Ja. At higher temperatures however, the thresholds
of the QW and QD lasers are somewhat comparable, allowing for room temperature
operation at a few kA/cm? This suggests that at higher temperatures, when the
thermionic emission rates of the injected carriers out of the QD or QW potential become
important, the lasing threshold is governed by the depth of the separated confinement
region relative to the laser emission energy, with little dependence on the dimensionality
of the potential.

A 5.0 nm-thick GaAs/AlGaAs quantum well laser with the same confinement
structure as sample Ila (sample III) was studied to confirm these results. Indeed, the
lasing threshold of such a standard QW structure clearly displays a continuous
temperature dependence similar to the one found with the InAlAs control QW laser. In
the case of sample JIT however, the overall temperature dependence is weaker because the
5.0 nm GaAs QW laser emits at a lower energy of ~ 1.59 eV (emission in the infrared at

A ~ 780 nm, an energy ~ 200 meV lower than for sample //a). Therefore, for sample 1,
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the potential of the GaAs QW being deeper with respect to the Alo2sGao7sAs barrier will
reduce the thermionic emission rates of the injected carriers, resulting in lower
thresholds. It can be expected that QD lasers emitting at longer wavelengths would
behave similarly. Infrared QD lasers having the same barrier materials as sample IJa will
have a significantly larger potential difference between the QD energy levels and the
barrier bandgap energy. Thus, compared with sample Ila, infrared QD lasers should
display a distinct reduction in the threshold currents, and should have improved -

characteristics when operating at room temperature.
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Figure 4.16 Temperature dependence of the threshold current density for various lasers with

Al 70Gag30As/Alg35Gag6sAs/Alg25Gag7sAs  separate confinement layers. Sample [Ja and /II are 40 um X
400 pm laser cavities, the thin InAlAs QW has a 60 pm x 400 um laser cavity.

The results above can be compared with the theoretical models described by
Arakawa and Sakaki [4] and Asryan and Suris [51]. For temperatures below ~ 50 K, the

threshold current density of sample Ila increases very slightly as a function of
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temperature. Therefore the systems behavior is close to that of an ideal QD system
(figure 2.7d), and the inhomogeneous broadening of the QD ensemble does not affect Ji.
At higher temperatures, the finite potential barriers causes equilibrium filling of the QDs,
producing a steady increase in the QD laser threshold current density as a function of
temperature. The models are not well suited for a quantitative comparison with
experiment, since they only take ground-state stimulated emission into account, without
considering the possible effects resulting from excited state stimulated emission such as .

larger degeneracy in the higher-order QD electron states.

The efficiencies of the broad area lasers from sample a, that is the single-layer
improved-confinement QD laser, and from the control GaAs QW laser, sample /II, have
been investigated in the temperature range where the threshold has a weak temperature
dependence. Figure 4.17 shows the external efficiency for injection currents up to 0.5 A.
The threshold current for sample Ila is 335 A/cm? in continuous wave operation mode
and the differential efficiency above threshold is ~ 0.2 mW/mA. The net external
quantum efficiency (for both facets) is ~ 13 9%. This value can be compared with the
curve for sample IZI. In the case shown in figure 4.17, the QD laser efficiency slightly
exceeds the QW efficiency, and generally for the QD samples studied, the external
efficiency values vary between 5 and 13 %. Clearly the external efficiencies obtained

with the QD lasers are comparable with the one obtained with a standard QW laser.
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Figure 4.17 Comparison between the external electrical to optical efficiency measured with samples /la
and /T at 77 K.

The effects of the QD surface density on the laser structure characteristics were
studied with the help of a sample having the same configuration and growth conditions as
sample Ia, but with only 4.5 ML of InAlAs material deposited. The TEM revealed a low
dot density of 17 + 8 dots/um? compared to sample [Ja with 500 % 200 dots/pm? and a
dot base width of ~ 20 nm like in sample ITa, so that the 4.5 ML laser has ~ 0.4 x 10° dots
under a 60 pm by 400 pum gate whereas sample [la has ~ 12 x 10° dots. The two samples
have similar threshold curves. At the lasing threshold, the line width is only 2-3-meV
wide for sample Ila and the 4.5-ML sample (figure 4.13), so that only a small subset of
the QD ensemble contributes to the optical gain. Sample la should have wider
inhomogeneous broadening than the 4.5 ML sample since larger dot densities in a QD

layer is indicative of larger inhomogeneous broadening [57, 59]. Therefore, at the lasing
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threshold, sample [a utilizes a narrower portion of the total dot energies available than
the 4.5 ML QD laser, explaining the similar threshold curves between the two QD lasers.
As the current density is increased, the FWHM of the stimulated emission broadens to ~
6 meV with J = 1.8 kA/cm? for the 4.5 ML QD laser and to ~ 8 meV with J/=2.0 kA/cm®
for sample Da. The lower dot density does not affect the laser characteristics
significantly: the temperature dependence of the threshold current density is slightly
higher for the 4.5 ML QD laser than the ones for sample ITa. Both lasers exhibit .

equivalent behaviors indicating little dependence of the threshold on the dot density.

4.6 Multi-layer QD structures

According to the waveguiding simulations done in section 2.5.2, the confinement
factor should increase significantly if the number of QD layers in the active region is
increased. Sample /Ib has the same separate confinement structure as [/a but the active
region is wider with five layers of dots sandwiched between 8 nm Alo2sGagssAs spacer
layers. The TEM of sample Ib, shown in figure 3.3c, displays a clear increase in the dot
sizes in the upper layers, suggesting an increased inhomogeneous broadening of the QD
ensemble’s state distribution. At low temperatures and low currents, the laser structure
from this sample behaves similarly to sample /a; at very low currents, a symmetric peak
centered at A= 750 nm (kv = 1.653 eV) is observed which shifts towards high energies as
the injection current is increased. The symmetric peak has a FWHM = 157 meV: three

times wider than what was measured for sample /a. At high currents, emission from the
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WL is also observed; for temperatures around 77 K and above, WL lasing does not occur.
At T =77 K the threshold stimulated emission is still from excited states at ~ 710 nm (4v
= 1.746 V), and as the current is increased, the stimulated emission linewidth broadens
significantly. As displayed in figure 4.18, at a current density of 3.0 kA/cm?® the FWHM
of the lasing line is 35 meV (14.5 nm). This value is much larger than any observed with
either single QD layer samples for high current densities diodes (for sample [fa at J=2.0
kA/cm?, the FWHM was ~ 8 meV), or for QW broad area laser (for sample IIl at J=1.7 .
kA/cm?, the FWHM was ~ 4 meV). The larger inhomogeneous broadening of the QD

ensemble allows for a larger gain bandwidth in the stimulated emission process.
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Figure 4.18 Laser output at T = 77 K of sample /b in a 60 pm x 400 pm cavity. The bottom curve is for
an injection current of 450 mA. The top curve is for a current of 720 mA, and the laser line has a FWHM
of 35 meV.

Figure 4.19 displays the temperature dependence of the threshold current density

for sample I7b. The curve has a shape equivalent to that of sample //a, but the values are
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~ 1 kA/cm?® above the ones for the single layer QD sample. Here, the increase in the
number of dots from sample Zla to [Ib does not lower the threshold current density. In
this case, this might in part be caused by the diffusion of the beryllium doping across the
active region (which was observed by SIMS for this sample), and also by the larger

inhomogeneous broadening of the QD ensemble.
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Figure 4.19 Temperature dependence of the threshold current density for samples [/a and I/b.

A wafer with the same structure as sample /b was grown but with 50 nm
Aly25Gag 7sAs spacer layers instead of 8 nm. The TEM results show that the first layer
has a large dot density, but that the subsequent ones have very low densities. No vertical
self-assembling is observed since the strain fields induced by the dots do not propagate
through such wide spacer layers, and the QD dimensions are similar to the ones from
sample Ja. The spontaneous emission spectra at low injection currents show a small

FWHM of the inhomogeneous broadening. However, because the active region is quite
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wide (300 nm thick), the device characteristics are worse than the ones of sample /Ta.
Also at low current, the WL dominates the stimulated emission due to the small amounts
of dots present. Therefore the gain in the QDs can be increased by reducing the dot layer
spacing, and the emission linewidth can be kept narrow by assuring that the growth is not

correlated from layer to layer.
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Chapter S

CONCLUSIONS

In this study, the results from the investigation of several QD lasers in the strained .
InAlAs/AlGaAs system were presented. Stimulated emission originating from the QDs
was clearly demonstrated. For samples with small QD densities, emission from the WL
was also observed. Other research groups have now investigated laser radiation from
self-assembled quantum dots in different material systems: InGaAs QDs imbedded in a
GaAs heterostructure [72, 76-79], InAs dots in a GaAs matrix [80, 81] and
InGaAlAs/GaAs QDs [82]. All these quantum dot lasers emit in the infrared between
950 nm and 1300 nm. In this work, the dots studied emit in the 700-nm region of the
electromagnetic spectrum,; this pushes quantum dot laser emission into the visible. In the
near future, different material systems such as GaN will lead to even shorter wavelength
QD lasers.

For the QD sample with the lower potential barriers, state filling effects are seen,
and lasing occurs via excited state emission. For the single layer QD laser with improved
confining layers, stimulated emission at low temperatures originates from excited states
reéombination indicating impeded carrier thermalization and radiative recombination. As

the temperature increases, increased phonon population and thermionic emission of the
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carriers in the higher excited states contributes to shift the emission to ground-state
energies.

Other studies of QD and quantum wire laser systems [83], report stimulated
emission originating from higher-order sublevels/subbands. It is shown by H. Shoji et al,
that in the InGaAs/GaAs system, ground state emission is possible by increasing the
number of QD layers and the cavity length to decrease cavity losses [84].

At low temperatures, the lasing threshold currents measured with the QD lasers
are slightly more temperature-independent than the ones measured with control QW
lasers. Also, the external efficiencies found with the QDs are comparable to, and even in
some cases surpass, the ones measured on a standard GaAs QW. This supports the
models presented by Arakawa and Sakaki, and Asryan and Suris. At higher
temperatures, the temperature dependence of the threshold currents is governed mainly
by the confining potentials at the emission energy, and by the depth of the separate
confinement region. Short wavelength QD lasers capable of room temperature emissions
with simple broad area laser devices having threshold current densities of a few kA/cm?
can be readily produced. QD lasers that will be produced to operate at longer
wavelengths (for example at 1.3-1.5 um [21]) should therefore have lower thresholds.

Continuous wave operation at 77 K is achieved with a single layer higher carrier-
confinement QD laser at current densities below 85 Alem?, with peak powers greater than
200 mW under high current injection. These results are very encouraging for device
apélications based on zero-dimensional structures.

Broad lasing linewidth (35 meV) is demonstrated in the five correlated-growth

QD layer sample. Through the use of a new technique during growth, the
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inhomogeneous broadening of the QD ensemble has been diminished [85], even for
closely spaced layers with vertical self-assembling. This method can be used to improve
the gain of QD lasers by limiting the range of wavelengths that compete in the stimulated
emission process.

The next step that should be undertaken to test the validity of QDs as active
devices would be direct gain measurements in the InAlAs/AlGaAs system. This will
allow a direct comparison of the gain coefficients between QD and QW laser structures.
A system with higher confining barriers will significantly reduce the effects of thermionic
emission permitting a better three-dimensional confinement up to room temperature. An
example of such system is InAs QDs in a GaAs matrix. The emission from the different
energy levels in the InAs/GaAs QD system give distinct peaks in PL and EL spectra.
Consequently, this system is better suited for studying the carrier dynamics in the various
energy levels. Measurements of carrier lifetimes in the different energy levels will help

understand the basic processes taking place in these artificial atoms.
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