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Abstract

Type Il InSb/InAs quantum dots (QDs) emitting in the 3-4 um range are promising candidate
as the gain medium for semiconductor laser diodes. The molecular beam epitaxy (MBE)
growth of the QDs on GaAs and InP substrates can largely cut down the costs for future
devices and massively broaden its application possibilities using the more mature material
platforms. Different metamorphic growth techniques including inter-facial misfit (IMF) arrays
were experimented for the integration of the InSb QDs on GaAs substrates. The density of
threading dislocations and the quality of the QDs were investigated using cross-sectional
transmission electron microscopy (TEM) images, high resolution X-ray diffraction (XRD) and
photo-luminescence (PL). The 4 K PL intensity and linewidth of InSb QDs grown onto a 3
um thick InAs buffer layer directly deposited onto GaAs proved to be superior to that from
QDs grown on 0.5 um thick InAs buffer layers using either AlISb or GaSb interlayers with
IMF technique. Even though the dislocation densities are still high in all the 3 samples (~10°
cm®), they all achieved comparable PL intensity as the QDs grown on InAs substrates.
Electro-luminescence (EL) from the QDs on GaAs substrates were obtained up to 180 K,



which was the first step towards making mid-infrared InSb QD light sources on GaAs. From
the study of PL temperature quenching, thermal excitation of holes out of the QDs was
identified as one of the major reasons for weaker PL/EL signals at higher temperature range.
To compensate the thermal leakage problem, the QDs integrated on InP substrates were grown
between InGaAs barriers, which can provide a larger valence band offset compared with InAs.
The QD PL peak moved to shorter wavelength (~2.7 um) partly due to the stronger
confinement, and the PL quenching was significantly slower for T > 100 K. From microscopy
images, PL characteristics and calculations, the size and composition of the QDs were

estimated.

The InSb QD laser structures on InAs substrates emitting at around 3.1 pm were improved by
using liquid phase epitaxy (LPE) grown InAsSbP p-cladding layers and two step InAs n-
cladding layers. The maximum working temperature was increased from 60 K to 120 K. The
gain was determined to be 2.9 cm™ per QD layer and the waveguide loss was around 15 cm™
at 4 K. The emission wavelength of these lasers showed first a blue shift followed by a red
shift with increasing temperature, identical with the PL characteristics. Multimodal spectra
were measured using Fourier transform infrared spectroscopy (FTIR). Spontaneous emission
measurements below threshold revealed a blue shift of the peak wavelength with increasing
current, which was caused by the charging effect in the QDs. The characteristic temperature,
To = 101K below 50 K, but decreased to 48K at higher temperatures. Current leakage from the
active region into the cladding layers was possibly the main reason for the increase of

threshold current and decay of T, with rising temperature.
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1. Introduction

Semiconductor lasers, in which the optical gain is achieved by the stimulated emission from
semiconductor materials, can emit light with high intensity, narrow linewidth and high
coherence. The idea was first proposed in 1957 [1]. After the experimental demonstration of
the ruby laser and He-Ne laser in 1960, pulsed oscillation of a GaAs semiconductor laser was
observed at low temperature in 1962. In 1970, continuous wave oscillation at room
temperature was accomplished. Since then, semiconductor lasers have seen tremendous
developments and progresses in their structures and performances. Nowadays, they have
become one of the most widely used optoelectronic devices, enabling a huge variety of

applications such as optical communications, digital data storage and micro manufacturing.

[1].

Quantum nanostructures such as quantum wells (QW) and quantum dots (QD) used as the
gain medium in the laser have a number of crucial advantages compared with bulk
semiconductor materials [2][3]. The modern material growth techniques of metal organic
chemical vapour deposition (MOCVD) and molecular beam epitaxy (MBE) can enable the
precise control of such nanostructures and their integration into lasers. Experimental
demonstration of QW lasers using the GaAs/AlGaAs material system was first reported in
1977 [4]. In 1994, the first Fabry-Perot injection laser based on self-organized AGalAs/GaAs
guantum dots (QDs) was reported [3]. The last two decades has seen significant developments
of QW and QD lasers in the visible and near-infrared spectral range, different types of
semiconductor lasers including distributed feedback (DFB) lasers, vertical cavity surface

emitting lasers (VCSELSs) and mode locked lasers have been invented for various applications.

In comparison, today’s QW and QD laser technologies in the mid-infrared spectral region are
still less well developed. The mid-infrared spectral region is in fact of enormous interest. With

the help of suitable laser sources emitting in the 3-5 pm spectral range, different potential



applications can be realized, such as optical gas sensing, environmental pollution monitoring,
chemical process control, non-invasive medical diagnosis, tunable IR spectroscopy, laser
surgery and infrared countermeasures [5]. The mid-infrared region provides unigque
fingerprints with strong absorption bands for drug intermediates, pharmaceuticals, narcotics
and bio-chemicals, allowing highly selective and sensitive detection or imaging. Consequently,
the mid-infrared is very attractive for the development of sensitive optical sensor
instrumentation. In addition, there is an atmospheric transmission window between 3 um and
5 um which enables free space optical communications and thermal imaging applications in
both civil and military situations as well as the development of infrared countermeasures for
homeland security. As shown in Fig. 1.1 the mid-infrared range contains the fundamental
absorption bands of a number of important gases. There are many situations (e.g. oil-rigs, coal
mines, landfill sites, car exhausts) where methane (3.3 pm), CO; (4.6 pm), CO (4.2 um), NOy

(6.5 pm) and SOy (7.3 pm) require accurate, in situ monitoring.
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Fig. 1.1 Examples of some gas transmission spectra in the mid-infrared spectral range [5].



Mid-infrared laser emission at cryogenic temperatures was first demonstrated at 3.1 um from
InAs [6] and at 5.3 pum from InSb [7]. During the 1980’s, many mid-IR devices were
fabricated from narrow gap lead and lead-tin based I1V-VI semiconductors. These are however
limited by poor material quality and thermal conductivity which prevents continuous wave
(CW) operation at room temperature (RT). Impressive results have been obtained recently
with 111-V semiconductor materials. The band gaps of ternary and quaternary semiconductors
are dependent on their composition, which makes it possible to select appropriate
compositions to achieve a given emission wavelength. Substantial progress has been made in
the growth of antimonides, in particular GalnAsSb and InAsSb by using MOCVD and MBE.
However, the performance of bulk semiconductor laser sources is possibly limited by stronger
Auger recombination in the mid infrared range. Inter-valence band absorption (IVBA) and
Shockley-Read-Hall (SRH) recombination all work to reduce the efficiency and maximum

operating temperature of mid-infrared devices.
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Fig. 1.2 Calculated gain spectra for the GalnAs/InP QD, wire, QW and bulk material at T = 300
K [3].



In recent years, QW lasers in the mid-infrared range have made significant progresses in
reducing the threshold current density, increasing maximum working temperature and output
power [8][9]. Moreover, the quantum cascade lasers (QCLs) and interband cascade lasers
(ICLs), which make use of the inter sub-band transition, have achieved superior performance.
However, these types of devices suffer from lower wall plug efficiency and higher turn-on
voltages than QW lasers. In addition, typical QCLs and ICLs are composed of hundreds of
thin layers, making the growth and fabrication more challenging. From theoretical studies, due
to their discreet density of states, QDs have higher material gain, narrower gain spectrum (Fig.
1.2), and are less temperature sensitive than QWSs [3], making them the ideal candidate as the
gain medium in semiconductor lasers. Compared with QCLs and ICLs, QD lasers also have
the advantage of less complicated growth and processing steps. Despite of all these potential
merits, to date there are still very few reports on QD lasers in the mid-infrared range due to
the very limited choices of material systems, and their performance is still far behind the

aforementioned types of lasers.

This thesis focuses on the InSb QDs emitting in the mid-infrared range and investigates their
potential as an improved gain medium in bipolar laser diodes. The first section introduces the
theoretical concepts and fundamentals on semiconductors, quantum nanostructures and lasers,
followed by the description of experimental tools and techniques used to carry out the studies
in this work. Then a detailed review and comparison of different types of mid-infrared laser
sources will be given. The results of this work are divided into 3 chapters. The first part
demonstrates the integration of In(As)Sb/InAs QDs onto the GaAs substrates using different
metamorphic buffer layers. This type of QDs, which relies on the As-to-Sbh exchange reaction,
has only been grown on InAs substrates previously. Growing the QDs on GaAs substrates can
make use of the more mature and inexpensive material platform, giving more possibility in
device applications. Various characterization techniques were used to examine the QDs
quality and the influence of dislocations. The problem of thermal leakage of confined carriers

out of the QDs was identified. Light emitting diode (LED) structures containing these
4



In(As)Sb QDs in the active region were subsequently fabricated and electroluminescence
from the QDs was obtained and studied. In the following chapter, the optical and structural
characteristics of the QDs are discussed in detail. The QD size and composition were
estimated with the help of simulations. The possible confined energy states were also
calculated. The QD wavelength shift with temperature was observed. Finally, In(As)Sb QD
laser diodes emitting at around 3.1 um in pulsed operation were demonstrated. By using an
improved structure design, the highest working temperature was significantly enhanced
compared with previous works. The gain of the QDs and the loss in the waveguide were
analysed. Possible contributions to the waveguide loss were examined. The reasons for shorter
wavelength lasing compared with PL were explained. The leakage current in the laser was
discussed. The details of the laser wavelength tuning with temperature and injection current

were also investigated.



2. Theory and fundamental concepts

2.1 Energy bands in semiconductors

Solid state semiconductor materials can be single crystalline, where the atoms are arranged in
a perfectly periodic structure in all three dimensions; polycrystalline, where there are many
small regions of single crystalline materials called grains; or amorphous, where there is no
periodic structure. The semiconductors studied in this work, unless specified, are all single

crystalline materials.

In isolated free atoms, electrons can only exist in discreet energy levels. In bulk
semiconductor materials, atoms are placed very close to each other in a periodic manner. The
discreet energy levels evolve into continuous energy bands. The majority of the electrons stay
in the band with lower energy (valence band). While some of the electrons can be excited to
the band with higher energy (conduction band). Between the conduction band and valence
band, there is a band gap in which there are no electron states. The differences in the energy
bands between insulators, conductors and semiconductors are illustrated in the Fig. 2.1 below.

Energy of Energy of Energy of
M electrons electrons AN electrons

Conduction band
Valence band Valence band Valence band

insulator semiconductor conductor

Conduction band

Fig. 2.1 Hlustration of energy bands in bulk solid materials. The yellow part for conductor
indicates the overlap between conduction and valence bands [10].

In insulators there is a wide energy gap between the conduction and valence bands. The

electrons can only stay in the valence band at any ordinary temperature. In semiconductors,
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the band gap is significantly narrower than in insulators. A small portion of the electrons can
be thermally excited to the conduction band. Under external excitations, the density of
electrons on the conduction band can drastically increase, resulting in a big change of its
various physical properties. In the conductors, the conduction band and valence band overlap
with each other. Large number of free electrons naturally exists in the material. As will be
discussed later, the band gap in semiconductors is a crucial factor for the optical and electrical

properties of the structures and devices [10].

2.1.1 Direct and indirect band semiconductors

The band diagrams shown in Fig. 2.1 are very simplified representations of the rather complex
band structures. More realistic semiconductor band structures are shown in Fig. 2.2 for two
different cases. In case (a), the conduction band minima and the valence band maxima are
located at the same momentum value, so the transition between conduction and valence band
can happen without the change of momentum. This kind of semiconductors are called direct
semiconductors, examples include GaAs, InAs and InP. In direct semiconductors, the
transition of electrons from the conduction band to the valence band can result in the emission
of photons with energy equal to the band gap E, On the other hand, in case (b), the
conduction band minima and the valence band maxima do not have the same momentum
value, and the material is called indirect semiconductors. The recombination in indirect

semiconductors is difficult to result in the emission of photons [11].
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Fig. 2.2 the electron energy versus momentum plot at the bottom of conduction band and the top
of valence band for case (a): direct semiconductors and case (b): indirect semiconductors [11].

2.1.2 Electronic states
The outer electrons of the atoms in a bulk semiconductor material are delocalized over the

whole crystal. The wave functions of the electrons can be described by Bloch wave functions:

Y(r) = we(r)explj(k - )] (2.1)

where p,, (1) has the periodicity of the crystal lattice, r is position and k is the wave vector.
Comparing it with the Schordinger equation, it can be found that the solution of equation (2.1)
indicates that the eigenvalues of the electron energy E are a function of k, the values of which
fall within certain allowed bands. Within the parabolic approximation, the E versus k relation
can be written as:

_ h2k? (2.2)
-~ 2m,

c

for the conduction band E., where m, = h%/(d?E./dk?),-, is the effective mass of
electrons at the bottom of the conduction band. In the same manner, the valence band E,

verses K relation is:



__hzkz (2.3)
© 2m,

v

where m,, = h?/(d?E,/dk?),—, is the effective mass of electrons at the top of the valence
band. The E verses k relations for conduction band and valence band are illustrated in Fig. 2.3,
where E4 equals the energy difference between the bottom of the conduction band and the top

of the valence band [12].

E
conduction ¢

band

valence
band E,

Fig. 2.3 Energy verses k relation for a bulk semiconductor [12].

2.1.3 Density of states
The number of energy states p(k) whose k value fall in the range between 0 and k can be
derived by dividing the volume of the sphere 4zk%3 with the volume of the unit cell

(27r)3/LXLyLZ, and multiplying by a factor of two for the two electron spin states:

g (2.4)
p(k)=[k \2}

31



where V=L,L,L, is the volume of a unit cell. The density of states (DOS) per unit volume can
be calculated as:

dp k2 (2.5)

Pev =gk ~ w2

which is valid for both conduction and valence band. The density of states in terms of

electron/hole energy can also be calculated as:

2mg\ /2 (2.6a)

pc(E) = > 2( h;) Ecl/2
1 2m\3/? (2.6b)

py(Ey) = F( h2v> Evl/z

where E. and E, are measured from the bottom of the conduction band and the top of the
valence band, upward and downward respectively. And the values of DOS for electrons and

holes both increase with their respective energies [12].

2.1.4 Level occupation
Under equilibrium conditions, the probability of an electron occupying a given energy state E’
can be described by Fermi-Dirac equation:

1 (2.7
1+ exp[(E — Ep)/kT]

f(E) =

where Eg is the energy of the Fermi level, k is the Boltzmann constant and T is the absolute
temperature. For un-doped semiconductors Eg is located approximately in the middle of the
energy gap. Thus for T > 0, only a small fraction of electrons can occupy the states in the

conduction band.

This situation can be largely changed if the material is doped or externally excited. When the
semiconductor is n-doped, large number of electrons would exist at the bottom of the

conduction band, moving the quasi Fermi level Ex up into the conduction band (Fig. 2.4a). In

10



the case of p-doping, the absence of electrons on top of the valence band results in the Eg
moving down into the valence band, leaving large number of holes in the bottom of the
valence band (Fig. 2.4b). When both electrons and holes are externally injected into the
material (e.g. in the middle of a p-i-n diode), at the same time electrons and holes can occupy
the bottom of the conduction band and the top of the valence band respectively, resulting in a

large separation of quasi Fermi levels of electrons Er. and of holes Er, (Fig. 2.4c) [13].

Current

(@) (b) (©

Fig. 2.4 Energy bands and quasi Fermi levels in (a) n-doped semiconductors, (b) p-doped
semiconductors and (c) in a p-i-n diode with external current injection [13].

2.1.5 Band alignments
When two different semiconductors come into contact in a hetero-interface, forming a
sandwich structure, different types of band alignments will happen depending on the

differences on the electron affinities and band gaps of the two semiconductors.

2.1.5.1 Type | band alignment

In the type | band alignment, the conduction band (E.) of the material in the middle is lower
than that of the material outside, and the valence band (E,) of the material in middle is higher
than that of the material outside, as is illustrated in the diagram below. In this band alignment,
both excited electrons in the conduction band and excited holes in the valence band tend to
concentrate within the material in middle, in which most of the two types of carriers would

recombine.
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Ecl "
Conduction band

Valence band

Fig. 2.5 llustration of type | band alignment.

2.1.5.2 Type Il band alignment

In type Il band alignment, either both the conduction band and valence band of the material in
the middle is higher than those of the material outside, as shown in Fig. 2.6 (a), or both of
them are lower than those of the material outside, as shown in Fig. 2.6 (b). In any of these two
situations, only one type of carriers tend to concentrate in the middle, and recombination

happens between electrons and holes in separated locations.

E
o Conduction band 2%
Ecl

Conduction band

Evl EV2

—l—‘r Valence band
E
E vt Valence band

v2

€Y (b)

Fig. 2.6 Two situations of type Il band alignments. (a): only the holes are concentrated in the
centre, (b): only the electrons are concentrated in the centre.

In some material combinations, it is also possible that the valence band of one material is
higher than the conduction band of the other material (e.g. InSb/InAs), creating a broken type

Il band alignment, shown in Fig. 2.7.
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Fig 2.7 lllustration of broken type Il band alignment.

2.1.6 Band bending in p-n junctions
In reality, the interface of two materials would not have the abrupt change of bands, as shown

in Figs. 2.5-2.7. Instead, the bending of the energy bands will take place at the hetero-interface.

Fig. 2.8 shows the energy band profile of a p—n junction before the layers are brought into
contact. The subscripts 1 and 2 refer to the p-type and n-type layers respectively. E. and E,
denote conduction and valence bands. F is the Fermi level and ¢ is the difference between the
band edge and the Fermi level. The electron affinity y is the energy required to move an
electron from the edge of conduction band to vacuum level and the work function @ is the

energy required to take an electron from the Fermi level to the vacuum level.

-~ —— VACUUM LEVEL

%y L2 Xz
EC
2
. O B o Tty
i 82
Egi Eg
2
S Y 2 R
Ev 81 AEVI ‘[_..._l.;h,2
q

ELECTRON
ENERGY

Fig. 2.8 The energy band profile of a p — n junction before the materials are brought into contact
[14].
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From Fig. 2.8, it is clear that the conduction band discontinuity is given by the difference in

electron affinities

AEc = )1 = x2 (2.8)
Eyy, = AE, + Eyy + AE, (2.9)
From equation 2.2, the discontinuity in valence band can be deducted as:
AE, = (Egy — Eg1) — AE, (2.10)
From equation 2.3, it can be noticed that:

AE, + AE, = Egp — Egy (2.11)

When the two semiconductors are brought into contact, the Fermi level must be constant

throughout the structure at thermal equilibrium, as shown in Fig 2.9.

1 "_T“'"‘
e, L . _ ___VACUUM
L& l1 R LEVEL
W ¢
@& 5o 5
Ec
F‘——— -—...............................L___Fz
Ev, 2
Ev
2

Fig. 2.9 The energy band profile of a p—n junction after the materials are brought into contact
showing the constant Fermi level [14].

For the p-n junction, since the density of the majority carrier on one side is much greater than
the density of the minority carriers on the other side, the electrons will diffuse from the n-side
to the p-side, and the holes will diffuse from the p-side to the n-side. These two types of
carriers will recombine, leaving a depleted space-charge region near the hetero-interface

where there exist charged immobile acceptors and donors, as illustrated in Fig. 2.10.
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Fig. 2.10 The depleted space-charge region near the heterointerface of a p — n junction [14].

The relative width of this region on the p-side and the n-side may be different, depending on
the dielectric permittivities, the built-in potentials and the density of ionised donors and
acceptors. This region creates a built-in field, which stops the carrier from diffusing into the
opposite side. The energy diagram in Fig. 2.9 must be modified because of this built-in field,
shown in Fig. 2.10. The method of calculating the band diagram is often called the Anderson
model [15]. In Fig. 2.11, Vp, and Vp, are the built-in potentials on the p-side and n-side
respectively. The interfacial energy spikes are a natural result of the abrupt interface where the

Fermi level must be constant when in equilibrium [16].
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Fig. 2.11 The energy band diagram for a p—n junction showing the band bending at the interface.
Terms are defined the same as in Fig. 2.8 [14].

2.2 III-V semiconductors and alloys

At present, 111-V compound semiconductors provide the materials basis for a number of well-
established commercial technologies, as well as novel classes of electronic and photonic
devices. Just a few examples include diode lasers, LEDs, photo-detectors, electro-optic
modulators, and frequency-mixing components. The operating characteristics of these devices
depend critically on the physical properties of the materials. Because ternary and quaternary
alloys may be included in addition to the binary compounds, and the materials may be layered
in all varieties of configurations, an almost limitless flexibility is now available in designing

hetero-structure devices [17].

2.2.1 Band gaps
The zinc blende crystal consists of two interpenetrating face-centred-cubic lattices, one having

a group-I11 element atom (e.g., Ga) and the other a group-V element atom (e.g., As). A zinc
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blende crystal is characterized by a single lattice constant a. Most of the 111-V semiconductors
have zinc blende crystal structure, except for some of the Ill-nitride materials. The I'-valley

band gaps versus their lattice constants of the 12 zinc blende binary I11-V materials are plotted

in Fig. 2.12.

8 AlN T T T T T T T T
- zinc-blende

I'=0K

I-valley energy gap (eV)

4.5 5.0 5.5 6.0 6.5
Lattice constant (A)

Fig. 2.12 Direct T -valley energy gap as a function of lattice constant for the zinc blende form of

12 111-V binary compound semiconductors (points), and some of their random ternary alloys
(curves) at zero temperature [17].

Among all the binary IlI-V semiconductors, only InAs and InSb have the band gaps
corresponding to mid-infrared range. InSb has the narrowest band gap of 0.24 meV,
corresponding to a wavelength of 5.17 um. The lattice constant of InSh is 6.479 A, the largest

of the binary materials shown on the graph. InAs has the second narrowest band gap (0.415

meV) among these materials.

The band gaps of ternary and quaternary alloys can be estimated by interpolating the binary

semiconductors [18]:

Tapc(x) = xByp + (1 — x)Byc + x(x — 1)Cypc (2.12)
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for the ternary materials in the form of AB,C,.,, where Bg and Bac are the band gaps of the
binary materials AB and AC, and Cagc is the bowing parameter. In the case of quaternary

material AB,C,D;.,.,, the band gap becomes:
Qupcp(x,y) = xByp + ¥yBac + (1 —x — y)Bap — xyCypc (2.13)
—x(1=x—=y)Cypp —Y(1 —x —y)Cycp

Equally, in the case of A;B;xCyD1.y,

x(1 =) [yTupc(x) + (1 — y)Typp (x) (2.14)
x(1-x)+y(1-y)

+ Yy =) [xTpcp () + (1 — x)Tpep(y)
x(1-x)+y(1-y)

Qupcp(x,y) =

Instead of the discreet band gap values for binary materials, ternary and quaternary alloys can
provide continuous tuning of band gap values, giving much more freedom in the design of
semiconductor devices. Some examples of the ternary alloys’ band gaps are shown by the

curves in Fig. 2.12.

2.2.2 Refractive indices
The refractive indices of ternary and quaternary materials are also dependent on the
compositions. For quaternary alloys, the refractive index n for photon energy #w below the

direct band gap E, can be estimated by [19]:

(2.15)

EO 1.5
n=|a [f(xo) +05 (Eo - Ao) f(xOS)] +B

with

fxo) =x52(2 =1+ x5 —/1—x)

f(xos) = xO_SZ(Z _\/1 + Xos — \/1 - xOs)
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xo = h(l)/Eo, xo = h(l)/(EO + Ao)

where E, is the direct band gap and A, is the spin-orbit splitting energy, Aw represents the
transition energy, A and B are the linear interpolations of binary data, the values can be found
in [19]. The calculated photon energy dependent refractive indices of InP,As,Sby.,., lattice

matched with InAs are shown in Fig. 2.13 below [20].
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Fig. 2.13 calculated refractive indices of InP,As,Shy.,.,/INnAs as a function of the photon energy
with y-composition increment of 0.1 [20].

2.3 Recombination mechanisms in semiconductors

Under non-equilibrium conditions, excess carriers exist in the semiconductors. To restore the
equilibrium condition, excessive electrons in the conduction band will recombine with holes

in the valence band, either radiatively or non-radiatively.

2.3.1 Radiative recombination
During the radiative recombination process, the energy of the recombined electron-hole pairs
is used to generate photons. In order to generate photons, the creation of excess electrons and

holes can be achieved by various methods, i.e. bombardment with energetic electrons, ions or
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other particles. In experiments, the most common methods are: photo-luminescence — the
radiative recombination of excess carriers which are generated by the absorption of light, and
electro-luminescence — the radiative recombination of excess carriers which are generated by
electrical injection [21]. Different radiative recombination mechanisms are illustrated in figure

2.14 below.

N A .

& & o o o
@ b @ @ (e

Fig. 2.14 Radiative recombination mechanisms in semiconductors. (a) band-to-band
recombination, (b) donor-to-valence band recombination, (¢) conduction band-to-acceptor
recombination, (d) donor-to-acceptor recombination and () exciton recombination. The blue and
red circles represent electrons and holes respectively. Straight line arrows and dotted vertical
lines represent photon and phone emissions respectively.

2.3.1.1 Band-to-band recombination

Band to band recombination is the process in which an electron on the conduction band

recombines with a hole on the valence band and emits a photon whose energy equals:
hv =Eg + kT /2 (2.16)

where kT/2 accounts for the thermal effects. The rate of the band to band recombination can

be written as:

dn dp (2.17)
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where n and p are the densities of free electrons and holes in the semiconductor respectively
and the constant B is the bimolecular recombination coefficient. The typical value of B for
direct band gap 111-V semiconductors is in the range of 10™ — 10”° cm®/s [22]. For indirect
semiconductors, radiative band to band transition requires the participation of phonons, which

is much less likely to happen and the value of B is much smaller (10™ — 10™ cm?/s) [21].
2.3.1.2 Free-to-bound recombination

Donors and acceptors in the semiconductors can introduce energy states within the band gap,
either close to the conduction band for donors or close to the valence band for acceptors.
Other than the band-to-band recombination, radiative processes can also happen between
electrons on the donors’ state and holes on the valence band (Fig. 2.14b), or between electrons
on the conduction band and holes on the acceptor’ state (Fig. 2.14c). The energy of the

emitted photons is:
hv = E; — E; (2.18)

Compared with equation 2.16, the additional term E; represents the ionization energy of the
donors or acceptors. For most direct band gap semiconductors, the donor/acceptor related
recombination can be more clearly observed at low temperatures [16]. With increasing
temperature, donor-to-band and band-to-acceptor recombination shows a quicker decay
compared with band-to-band transition, due to the thermal excitation of carriers out of the

donor/acceptor states [23].
2.3.1.3 Donor-to-acceptor recombination

Radiative recombination can also happen if the density of both donors and acceptors are
substantial (~10™ cm®). The electrons in the donors can recombine with holes in the
accpectors, both within the energy gap, as illustrated in Fig. 2.11d. The emitted photon energy

equals:
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2
hv = Ey — (Ep + Eq) + € /ey (2.19)

where Ep and E, are the ionization energy of donors and acceptors respectively. The last term
in this equation represents the Coulomb force between carriers on the donor and acceptor
states, in which ¢ is the static dielectric constant and r is the donor-acceptor separation.
Similar to donor—to-band and band-to-acceptor recombination, the donor-acceptor

recombination can only be clearly seen at low temperatures [16].
2.3.1.4 Exciton recombination

Excitons are electron-hole pairs held together through Coulomb interactions. For free excitons,

the energy of the emitted photon from an exciton recombination is:
hv = Eg — Epc £ KE, (2.20)

where KE, denotes the emission or absorption of K lattice phonons with the energy E,. The
value of E. is usually in the range of a few milli-electronvolts (meV). If the exciton is
bounded next to a donor, acceptor or neutral atom (bound exciton), the energy of the emitted
photon becomes smaller than the free exciton due to the lack of kinetic energy. The value

becomes:
hv = E; — Epy — Eexc (2.21)

where Ey, is the binding energy of the exciton to the impurity. Eg is also in the range of a few
meV. The spectrum of bound exciton emission is usually narrower than free exciton and band-
to-band emission spectra. Both free and bound exciton emissions can only be significant at
low temperatures, since at high temperature the thermal energy can far exceed the exciton

binding energy [16].
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2.3.2 Non-radiative recombination
Besides the emission of photons, the energy released from the recombination of electrons and
holes can also be transferred in non-radiative forms. The most common non-radiative

recombination mechanisms will be discussed in this section.

2.3.2.1 Auger recombination

During the Auger recombination, the released energy from an electron-hole pair
recombination is used to excite another free electron to higher into the conduction band, or
excite another hole deeper into the valence band. The excited electron or hole will quickly
relax to the low energy end of their respective energy band through multiple phonon
emissions. In this process, no photons are emitted. The three most common Auger

recombination processes (CHCC, CHSH and CHLH) are schematically shown in the figure

below.
CHSH CHLH
(Auger S) (Auger 7)
EA EA
Conduction
band
|
E. > -Y& e ‘ >
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Heavy-hole band \
Light-hole band /
Split-off band

Fig. 2.15 CHCC, CHSH and CHLH Auger recombination mechanisms. In the CHCC process,
one electron on the conduction band recombines with a hole on the valence band, transferring the
energy to another free electron so that it moves higher on the conduction band. In the CHSH
process, the energy from an electron-hole pair recombination is transferred to an electron on the
split-off (SO) band and excites it to the heavy hole (HH) band. In the CHLH process, the energy
from recombination lifts an electron from the light hole (LH) band to the heavy hole band [24].



Because the CHCC process involves two free electrons, it is most prominent in n-type
semiconductors. In materials where the spin split-off energy A is much larger than the band
gap energy Eq (i.e. InSb and HgCdTe), the CHSH transition can be negligibly small compared
with CHLH transition. However, in materials where 4 is close to Ey, the CHSH process is

much more significant than CHLH (as in the case of InAs and InAsSb) [24].

At low external injection, the combined Auger generation rate of these three major processes
can be simplified to:

(G R) _n?—np(no + Po + po) (2'22)

2 i i i
2n; Tar Taz  Tas

where n; is the intrinsic electron concentration, n and p represent the non-equilibrium carrier
concentrations of electrons and holes respectively, n, and p, denote the carrier concentrations
at equilibrium conditions. The three factors in the brace of the equation 2.22 represent the
contributions from CHCC (A1), CHLH (A7) and CHSH (AS). 7a', 7a7 and zas are the
intrinsic Auger lifetime of the CHCC, CHLH and CHSH processes respectively. The values of
the Auger lifetimes are all dependent on the carrier effective mass, the density of states, the

band gap energy, and decrease drastically with carrier concentration.
In the high excitation range, the Auger recombination rate can be simplified as:
R, =Cn® (2.23)

where n is the carrier concentration and the value of the Auger coefficient C is in the range of

1028 — 10 cm®/s for typical 111-V semiconductors [22].

The Auger processes also features strong temperature dependence, since za:', a7 and zas are
all functions of temperature T. With increasing T, the Auger rate tends to increase
significantly [24]. In general, the Auger effect becomes more important with decreasing band

gap energy. At 300 K, the Auger lifetime 7, in InAs (E; = 0.36 eV) can be as short as 107 s
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with a low carrier concentration of 10" cm™. However, in GaAs (E, = 1.42 eV), the Auger

effect can only be significant with very high carrier concentration (10*° cm™) [16].

At last, it needs to be noted that the processes discussed above are all band-to-band Auger
recombination. Similar Auger processes can also happen at donor/acceptor centres, in a

similar manner to donor/acceptor related radiative recombination [21].
2.3.2.2 Shockley-Read-Hall recombination

In Shockley-Read-Hall (SRH) recombination, electrons and holes recombine via energy levels
induced by impurities or lattice defects within the energy gap. As recombination centres, they
trap electrons or holes; as generation centres, they emit carriers [24]. When the holes are in
majority, conditions are close to equilibrium, the SRH lifetime can be estimated by assuming

electrons and holes have the same capture cross sections (e, - 6,) and thermal velocities (v, =

vp):

Po + pl) (2.24)

TSR=TnO<1+p tn
o (o]

where 7, equals 1/Ntv,e,. Similar estimations can also be made when the electrons become
the majority carrier. In the particular case of intrinsic material (i.e. ng = po = n;), the SRH rate

becomes:

Er — Ep; (2.25)
T; = Tno (1 + cosh (T))

where Eg; is the intrinsic Fermi level, which is typically near the middle of the band gap. If it
equals the energy level of the traps (Eri = Er), 7; reaches the minimum value 2z, which
means the traps with energy levels close to the middle of the band gap can act as more
efficient SRH recombination centres. Equation 2.25 also indicates with increasing temperature,

the SRH lifetime decreases, resulting in lower radiative recombination efficiency [22].
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2.3.2.3 Inter-valence band absorption

The inter-valence band absorption (IVBA) process happens when the photon generated from
electron-hole recombination is re-absorbed by lifting an electron in the spin split-off band to
an injected hole state in the heavy hole band (Fig. 2.16). The IVBA can be significant in
materials where the energy gap between spin split-off band and heavy hole band is close to the
band gap Ey The dashed arrows in Fig. 2.16 shows with increasing band gap Eg, the re-

absorption needs to happen at larger wavevector k, making the process less likely [25].

Encrgy E

Wavevector k

Fig. 2.16 Inter-valence band absorption mechanisms. The solid arrows indicate direct IVBA
process, while the dotted arrows indicate phonon-assisted IVBA. The dashed arrows indicate how
IVBA moves to larger wavevector k and is thereby reduced with increasing band gap Eq [25].

2.3.2.4 Free carrier absorption.

Free carrier absorption (or intra-band absorption) happens when a photon gives up its energy
to an electron already in the conduction band or a hole in the valence band, thus raising it to a
higher energy (as illustrated in Fig. 2.17). Usually free carrier absorption also includes the

absorption in which electrons/holes are excited from the shallow donor/acceptor states near
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the band edges into the conduction/valence band. For energies sufficiently lower than the band
gap energy, free carrier absorption can become the dominant recombination mechanism. The
rate of free carrier absorption is proportional to the carrier concentration, since one free carrier
is required for an absorption event. According to Drude free electron model, free carrier

absorption increases as the square of the wavelength:
ape = NA? (2.26)

where N is the concentration of electrons or holes and 4 is the wavelength [22]. From this
quadratic relation, it is obvious that the free carrier absorption is stronger at longer wavelength
range. So in mid-infrared devices, the effect of free carrier absorption can possibly be more

significant than in near-infrared and visible devices.
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Fig. 2.17 lllustration of carrier transitions during free carrier absorption. Red dots: electrons,
blue dots: holes, arrows: direction of carrier movement, short dotted lines: donor/acceptor states.

2.3.2.5 Surface recombination

Non-radiative recombination can occur at semiconductor surfaces, which are strong
perturbations of the periodicity of a crystal lattice. From a chemical view point, due to the lack
of neighbouring atoms, dangling bonds can be formed on the semiconductor surfaces. The
dangling bonds create electronic states located in the forbidden gap, which can act as non-

radiative recombination centres [22].
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Recombination via these surface states can often dominate the device efficiency. The effect
can be reduced by locating the p — n junction a distance greater than three times the diffusion

length away from the surface [27].

2.3.3 Competition between radiative and non-radiative recombination

The mechanisms of the major non-radiative processes have been discussed, including Auger
recombination, SRH recombination and surface recombination. Even though these non-
radiative recombination rates can be reduced, they can never be totally eliminated. Besides,
any semiconductor material contains some native defects which can induce non-radiative
recombination. It is difficult to fabricate materials with impurity levels lower than parts per

billion. Thus even the purest material contains impurity in the level of 10™ cm™,

If the total radiative recombination lifetime is denoted as z, and the total non-radiative

recombination lifetime is denoted as z,,,, the overall recombination rate can be given by:

-1

R ol (2.27)

The probability of radiative recombination or internal quantum efficiency is:

1 (2.28)

Nint = —= -
T+ T

Note that not all photons emitted internally can escape from the semiconductor due to the

light-escape problem and reabsorptions [22].

2.4 Semiconductor quantum dots

We have previously discussed the energy bands and carrier recombination mechanisms in
bulk semiconductors, and the calculations are based on the assumption that the material is

infinitely large in all dimensions. Once the sizes of the semiconductor materials are reduced to
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considerably low levels, this assumption can no longer be legitimate, and the properties of the

small sized materials (nanostructures) can be significantly different from the bulk materials.

2.4.1 Density of states in nanostructures
Within parabolic approximation, the relation between electron energy E and wave vector K in
equations 2.2 and 2.3 can be rewritten as:

. h2k? (2.29)
- 2m*

where m* is the effective mass of electrons or holes. In this equation, k can be in any direction
in the three dimensional (3D) space. If the semiconductor is reduced in size in one direction,
becoming a quantum well, the wave vector can have freedom in the other two dimensions
(2D). Boundary conditions need to be added to the Schrodinger equation 2.1, and the solved

DOS becomes:

. k(Zm*)l/zEl/2 (2.30)
20 —

T\ A2 2

By substituting k with E from equation 2.29, equation 2.30 becomes:

m* (2.31)

which is a constant value independent of energy E. If there are many (n) confined states
within the QW, then the DOS at any particular energy is the sum over all subbands below that

energy. The density of states can be written as:

o m (2.32)
p?P =) TS0~ E)
i=1

where O is the unit step function.
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For the case of quantum wires (i.e. the semiconductor is reduced in size in two directions),
and guantum dots (i.e. the semiconductor is reduced in size in all three directions), different
boundary conditions need to be applied to solve the Schrodinger equation. The derived DOS
for a quantum wire is:

m\7? 1 (2.33)

1D _ (-
= (nhz) nE1/2
for the case of multiple states confined in the quantum wire, the DOS at any particular energy

can be written as:

(2.34)

where E; is the subband minima below the energy E.
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Fig. 2.18 Schematic evolution of the density of states from 3D bulk semiconductors to 2D
guantum wells, to 1D quantum wires and to 0D QDs [28].

In the case of quantum dots (QDs), since there is confinement in all the three directions, the E

verses k relation of equation 2.29 becomes:
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h? <n,26 nj n§> (2.35)

= 4 —= .
2m\12 " 12" 12

where L, Ly, L, are the width of the QDs in the three directions, and ny, n,, n, denote the
number of states in the three directions. The energy inside a QD can only exist in discreet
values. So the DOS are only dependent on the number of confined energy levels. One single
isolated QD would therefore offer just two (spin-degenerate) states at the energy of each
confined level, and the DOS versus energy would be a series of &-functions. The comparison
of the DOS in bulk materials (3D), quantum wells (2D), quantum wires (1D) and QDs (0D) is

sketched in Fig. 2.18 [28].

2.4.2 Type I and type Il quantum dots

Epitaxial semiconductor QDs are very commonly covered by another semiconductor material
during the growth for device applications. In a similar manor to bulk semiconductors, the
conduction and valence bands of the QDs can form type | and type Il band alignments with
the external material. The band alignments and recombination mechanisms are illustrated in

Fig. 2.19.

In type | QDs, both the conduction band and the valence band of the outside material have
higher energy than the QDs’ material, electrons and holes are both confined within the QDs.
As discussed in previous section, only discreet energy levels can exist in QDs, recombination
happens between the carriers sitting on these energy levels (Fig. 2.19a). In type Il QDs, only
one kind of carriers are confined within the QDs, thus exist on quantized energy levels, and
recombination happens either between the confined electrons in the QDs and free holes in the
outside material (Fig. 2.19b), or between the confined holes in the QDs and electrons in the

outside material (Fig. 2.19c).
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Fig. 2.19 Schematic diagrams of the band alignments and electron-hole recombination in (a) type
1 QDs, (b) and (c) type Il QDs.

2.4.3 Fabrication of quantum dots

There have been a few different approaches in fabricating QDs. The first realization of QDs
was the semiconductor inclusions in glass (e.g. CdSe), which has been commercially available
as colour filters (Fig 2.20a). However, since this kind of QDs are electrically isolated, it is
very difficult to integrate them in electronic or optoelectronic devices. QD nanostructures can
also be fabricated using lithographic techniques (top-down), which is size-limited by the
minimum feature lithography can produce. As shown in Fig 2.20b, one example of this
approach is to grow thin GaAs layers between lattice-matched AlGaAs material and then etch

out GaAs/AlGaAs QDs. The most heavily investigated method to make QDs is the self-
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organized growth manner, in which QDs can naturally form during the growth of strained

hetero-structures (Fig 2.20c) [3].
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Fig. 2.20 Schematic representation of different approaches to the fabrication of QDs: (a)
microcrystallite in glass, (b) artificial patterning of thin film strucutres, (c) self-organized growth
of QDs [3].

During the heterostructure deposition, either 2D films or 3D islands can be formed, depending
on the lattice mismatch between the two materials and the growth conditions. The most
common three modes of epitaxial growth are illustrated in Fig 2.21. In the Frank-van der
Merwe (FvdM) growth mode (Fig. 2.21a), the extension of smallest stable clusters of the
deposited material occur in two dimensions, resulting in the formation of planar films. The
atoms in this mode are more strongly bound to the substrate than to each other. In the Volmer-
Weber (VM) mode, shown in Fig. 2.21c, the smallest stable clusters nucleate on the substrate
surface and form 3D islands (QDs). It occurs when the atoms or molecules of the deposited
material are more strongly bound to each other than to the substrate. Lastly, the Stranski-
Krastanov (SK) growth mode, which is also called layer-plus-islands mode, is an intermediate

combination of the other two modes. After the initial formation of a few monolayers (often
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called wetting layer) on the substrate, the 2D growth becomes unfavourable and 3D islands
are automatically formed (Fig. 2.21b) [29]. However, the growth of the In(As)Sb QDs
investigated in this work mainly relies on the As-Sb exchange reaction, which is different

from the mechanism of SK QDs formation. The details will be given in the following chapter.
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Fig. 2.21 Different epitaxial growth modes for strained layer growth. Left bottom: 2D growth of a
strained layer, centre bottom: formation of 3D islands arising after wetting layer growth, right
bottom: 3D islands formation without wetting layer [30].

Among the most important parameters for QDs are the mean size and shape of QDs, the
material composition, the QDs density and the size distribution, which are all dependent on
the growth conditions. The epitaxial growth of various kinds of semiconductor QDs has now
been widely made through MBE and MOCVD For I11-V semiconductors, some examples of
the epitaxial QDs material systems include: In(Ga)As/GaAs, GaSh/GaAs, InAs/InP,

InP/InGaP, InSb/InAs and GaN/AIN.
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2.5 Principle of lasers

There are three key parts in a typical laser system. Firstly, the laser should contain the gain
medium which can amplify the light traveling through it. Secondly, there must be resonant
optical cavities so that oscillation can happen. Thirdly, there must be means of excitation
where the population of the energy levels is perturbed from equilibrium (Fig. 2.22). These

three factors will be discussed in the following sections.

Optical resonator

A

Amplifying medium
Laser beam

—_

Fig. 2.22 simplified schematic of a typical laser.

2.5.1 Absorption, amplification and population inversion

In the case of a two-level atomic system as shown in Fig. 2.22, with the presence of an
electro-magnetic field of energy hv=E,-E;, an atom can undergo the transition 2—1,
absorbing a photon of energy kv (Fig. 2.23a). If the atom happens to be in state 2, the
stimulated transition 1—2 can happen, emitting a photon of the same energy Ao (Fig. 2.23c).
The induced transition rate of 2—1 and 1—2 are equal, and proportional to the intensity of the

electro-magnetic field. The total transition rate between these two states can be written as:

W31 = By1p(v) + Ay (2.36)

Wi, = B12p(v) (2.37)

where B,; and By, are constants to be determined, p(v) is the energy density at that frequency

and A,; represents the spontaneous transition of 2—1 (Fig 2.23b).
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Fig. 2.23 Radiative processes: (a) absorption — an incident photon is absorbed while the atom
jumps from state 1 to state 2; (b) spontaneous emission — a photon is emitted while the atoms
descends from state 2 to state 1; (c) stimulated emission — an additional photon is emitted when
an atomic system is under the action of an incident photon [32].

Under thermal equilibrium conditions, we have [33]:

8mn3hv3 1 (2.38)
c3 ehv/kT -1

p(v) =
In addition, the total number of atoms on state 1 and state 2 should keep stable. So
N2W2,1 = N1W1,2 (239)

where N; and N, are the equilibrium population densities on these two states. W»;* and W5’
are the transition rates defined in equations 2.36 and 2.37. From Boltzmann statistics, the ratio

between N; and N, should equal to:

Ny _ o—hv/kT (2.40)

Using equations 2.36 — 2.40, we can obtain:

8nn’hv® Ayq (2.41)
C3(ehv/kT -1) - Blzehv/kT — By,

which can only be valid when B1,=B,,, and Ax/By=8xn’hv®/c®. Substituting the parameters in

to equations 2.36 and 2.37, we get the stimulated transition rate:

c3 (2.42)

W =——Ho-_
¢ 8nn3hv3tsponp(v)
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where tgn=1/Az; is the spontaneous transition lifetime. p(v) cannot be used to describe the
radiation density in the case of narrow linewidth beams, and equation 2.42 can be re-written

as:

221 2.43
° L) (2.43)

i T g2
8mnhvtsyon

where |y is the beam intensity and g() is the laser’s lineshape function. We note the induced
transition rate is proportional to the beam intensity. In the absence of any dissipation

mechanisms, the induced radiation will also be added to the beam. In a distance of dz:

dl, c?g(v) (2.44)
—=(N,—-N,)—=—~~
dz (N, v 8mNn2v%tsyon 0
which gives the solution of:
Iy(2) = Io(0)e?™? (2.45)

and y(v) is the gain coefficient:

ctg() (2.46)

Y(U) ( 2 1) 8T[n2U2tSp0n

We notice that in order to have a positive gain coefficient, population inversion (N, > N4) is
required, which is a prerequisite for lasers. Otherwise, the intensity decreases, corresponding

to light absorption [33].
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2.5.2 Laser cavities
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Fig. 2.24 Schematic drawing of multiple reflections inside a Fabry-Perot cavity and the
corresponding partial transmission of the light beam [34].

Considering Fig. 2.22, the simplest example of a laser cavity can consist of two parallel
mirrors, which is basically a Fabry-Ferot etalon. As shown in Fig. 2.24, light between the two
mirrors experiences multiple reflection and transmission. In the case of a random light source
placed at position z=a with amplitude of E;, the total output of light from mirror 2 at z=I can

be written as:
Ejuyt =E1+E; +E3+E, + - (2.47)
where
E, = tye K (-,

EZ = (T1T2e_ik,l)tze_ik,(l_a)Ei (248)
TN 2 1
E3 = (rlrze_lk l) tze_lk (l_a)Ei

-1 ! 2 -1 ! —_—
E4 = (rlrze the l) tze ikl a)El

where t, is the amplitude transmission coefficient and r; and r, are the amplitude reflection
coefficient of the two mirrors. We can obtain:
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t,eik'(-a) (2.49)

where k’ is the complex propagation constant which equals k+A4k+i(y-a)/2. y is the gain
coefficient and a represents the loss within the cavity. If we ignore the correction factor Ak,
then the output wave becomes:

t,e k(-0) g (r-a)(l-a)/2 (2.50)

. E;
1— rlrze—ﬂkle(y—a)l l

Eout =

If the denominator of equation 2.38 becomes zero, which can happen when
rre”2kley-al — 1 (2.51)

This corresponds to a finite output wave E,, with an infinitesimal source wave E; (i.e.
oscillation). Physically, it means the wave making a complete round trip inside the cavity and
returns to the starting place with the same amplitude and phase. Separating the oscillation

condition into amplitude and phase requirements gives:
rrer~Ol =1 (2.52)
for the threshold gain constant y; and
2kl =2mn,m = 1,2,3, ... (2.53)
for the phase condition. The amplitude condition can be re-written as:

Yi=a— Tlnrlrz (2:54)

where constant y, is known as the threshold gain coefficient. Comparing with equation 2.46,
the threshold condition can be written in the form of threshold population inversion [34]:

8NV tsyon ( 1 ) (2.55)

O a——=Innr,

NtENZ_N1= l
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2.5.3 Pumping Processes

In the stimulated emission process shown in Fig. 2.23(c), the atoms need to be on the higher
energy level. It can be most commonly performed by either optical pumping (i.e. by light
emitted from a powerful lamp or laser source), or electrical pumping (i.e. by a current flowing

through conductive media, such as ionized gas or semiconductors).

In optical pumping, emitted light from the source is absorbed by the active medium, so that
atoms are pumped into the higher energy levels. This method is particularly suitable for solid-
state or liquid lasers. In the case of light with narrow spectrum from a suitable laser source,

the laser wavelength needs to fall within the one of the medium’s absorption band.

Electrical pumping is for the most common way to excite semiconductor lasers. Electrical
pumping for semiconductor lasers proves to be quite convenient, since a sufficiently large
current density can be made to flow through a semiconductor laser in the form of p-n or p-i-n

diodes [35].

2.5.4 Semiconductor lasers

/ P-Type

Active region

Cleaved n-Type

f
acet Roughened

side

Fig. 2.25 Typical broad area double heterostructure laser [36].
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Due to the large variety of direct applications, semiconductor lasers have become one of the
most important kinds of lasers in use today. The simplest and the most common structures are
double hetero-structure (DH) lasers, which are based on p-i-n diodes. Fig. 2.25 illustrates a
typical broad area double hetero-structure laser diode. The active region is sandwiched
between the n and p type cladding layers. The cleaved facets on both sides act as the reflective
mirrors. It is required that the active region has a higher refractive index than the cladding
layers (n;>n,), so that light can be confined vertically (Fig. 2.26b). The laser diode is pumped
electrically through the injection of carriers from both the n and p sides. Type | band
alignment is favoured between the active region and the claddings to help the injection of both
electrons and holes. Moreover, if proper barriers in the conduction band and valence bands
can be formed, it can prevent the direct flow of carriers to the other side of the structure,

making the injection more efficient (Fig. 2.26c¢).

.

I
I I
n2 1 Ny
| I
[
1 |
(a) Lo
I' l/Trans_verse beam
profile
)
i |
1 |
| A
(b) b
I
1 )
| |
|
T"—'I‘E-“"_j:_:m:._tr—.ﬁﬁ
|
E;, ! E,1:
JU'U‘“‘U‘M
Epm m — — — —T—

P | ] 0
—_—
side Aciivé side
region
(c)

Fig. 2.26 (a) refractive index profile, (b) transverse beam profile and (c) band structure of a
double hetero-structure laser [36].
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2.5.4.1 Threshold current density

In previous section, we have calculated the threshold gain (equation 2.46) and threshold
population inversion (equation 2.55). As shown in Fig. 2.26(b), only part of the optical mode
in the vertical direction overlaps with the gain medium. So the threshold gain in

semiconductor lasers can be modified as:

1 2.
Yl =y =a— Tlnrlrz (2.56)
where y, is the material gain of the gain medium and I" represents the optical mode overlap
with the gain medium. For electrical pumping, the threshold current density (Jy,) can also be

derived as:

Jen = N, = a——lIlnnr,

ed ed 87rn2tsp0n< 1 ) (2.57)
mt 0t g)A2 l

where e is the electron charge, d is the thickness of the active region, z, is the radiative
recombination lifetime and #; is the internal quantum efficiency, defined in equation 2.28.
Note that the loss inside the cavity « is usually dependent on the thickness of the active region
d. When the value of d decreases, resulting in larger part of the optical mode leaking into the
cladding layers, which have a higher absorption coefficient because of the high n or p doping

concentration. So an optimal thickness d is required to have lower threshold lasing [36].
2.5.4.2 Gain from quantum nanostructures

The densities of states in different quantum nanostructures have been discussed in previous
sections (Fig. 2.18). Consequently, QWSs, quantum wires and QDs would have unique gain
envelopes. One representative example of different types of Gag471ngssAs/INP nanostructures
with the same carrier injection is shown in Fig. 1.2. The peak gain increases from bulk

material to QWs, from QWs to quantum wires, and from quantum wires to QDs. On the other
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hand, the linewidth of the gain spectrum decreases when the material changes from bulk to 2D
(QWs), 1D (quantum wires) and 0D (QDs). In this picture, the advantages of using QDs to

achieve higher gain in a narrower spectral width can already be observed [36].

2.5.4.3 Characteristic temperature

As the ambient temperature increases, the output power from a laser diode gradually decreases
because of the increase in threshold current Iy, or the decrease in the external differential
guantum efficiency. Examples of these temperature dependences are shown in Fig. 2.28. The
characteristic temperature, Ty, is often used as a measure for temperature dependence of lasing

characteristics and is empirically expressed for Iy, as:

Iep = Itpoexp(AT /Ty) (2.58)

where I and Iy, are the threshold current before and after temperature change AT. A large T,
indicates a small change of Iy, with temperature. T, is not a physical parameter but is
associated with some physical mechanisms determining the temperature dependence of lasing
characteristics. The main factors determining Iy, are the following: overflow of injected
carriers, Auger recombination and inter-valence band absorption. The free carrier absorption

also increases according to the Iy, increase.
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Fig. 2.27 Schematic plot of output power versus input current of a DH laser diode at different
temperatures [36].

2.5.4.4 Differential quantum efficiency

The differential quantum efficiency, 7, is a measure of the overall efficiency of the device.
Practically, 74 can be measured from the gradient of the graph of optical power against drive

current, since [37]:

_eadp (2.59)

T =y ar
where e is the charge on an electron, Ao is the photon energy, and dP/dl is the gradient of the
power—drive current curve after threshold where stimulated emission is occurring. ko is
generally taken to be the band gap energy, and ho/e therefore can be taken to equal to the

value of band gap energy in eV.
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3. Literature review

3.1 Introduction

In this chapter, the development of different types of laser sources in the mid-infrared range
will be presented. The advantages and disadvantages of each will be discussed. The
performances of different lasers will be compared in terms of the highest working temperature
(Tmax), the threshold current density (Jy), the characteristic temperature (To) and the output

power.

3.2 Bulk semiconductor lasers

InGaAsSb is the first bulk gain material used to achieve lasing in the mid-infrared range in a
semiconductor DH laser structure. It was first reported by Caneau et al. in 1985. The laser
structure contains InGaAsSb gain layer sandwiched between AlGaAsSb cladding layers on
both sides. The structure was grown on GaSh substrates using LPE [38]. The laser emitting at
around 2.2 um at RT required a Jy, of 6.9 kA/cm® with pulsed excitation. InGaAsSb alloys
were grown lattice-matched on GaSb substrates by controlling its composition, resulting in
band gap energy between 0.29 and 0.73 eV, which covered the wavelength range between 1.7
pm and 4.3 um. However, due to the large miscibility gap, the longest emission wavelength of
LPE grown InGaAsSb is limited to 2.5 um [8]. Baranov et al. achieved the highest working
temperature of 120 °C for the InGaAsSb laser emitting at 2.1 um [39], and the longest
wavelength laser of 2.5 um at RT was also reported [40]. To further extend the wavelength
MOCVD and MBE technologies were adopted to grow the InGaAsSb DH lasers, which do
not have the miscibility gap limitation. 3 um lasers grown by MBE were reported working up
to 255 K at pulsed excitation and 170 K at continuous wave (CW) operation, with CW output
power of 45 mW at 100K and pulsed Ji, as low as 9 A/cm? at 40 K [41]. The RT CW

operation of the InGaAsSb/AlGaAsSb/GaShb lasers using MBE technology was achieved by
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Choi et al. in 1991 [42]. The device emitted at around 2.2 um with an output power of 4.6

mW (at 20 °C). The J;, at RT was reduced to 940 A/cm? at pulsed excitation.

Extension of the emission wavelengths beyond 3um is difficult for the GalnAsSh/AlGaAsSh
system because the valence band offset and refractive index difference between the active
layer and cladding layers becomes smaller. InAsSb(P) as the gain material has been
investigated to achieve longer wavelength lasing. The LPE grown InAsSb/InAsSbP/InAs laser
structure on InAs substrates emitted up to 3.9 um at 180 K at pulsed mode [43]. In CW
operation, these lasers can work up to 82 K, with an output power of about 10 mW [44].
MOCVD growth improved the T« up to 220 K in pulsed mode, with an output power of 660
mW and a Jy, of 34 A/lcm? at 78 K, and the devices emitted at around 3.2 um [45]. Recently,
an optimized 5 layer structure grown by LPE emitting at around 3.5 pm also achieved T 5« Of

210 K [46].

To make even longer wavelength lasers, INAsSh/AIAsSb DH structures were grown on GaSh
substrates by MBE. The devices emitted at around 4 um, and worked up to 80 K and 155 K in
CW operation and pulsed excitation respectively [47]. Ashley et al. reported 5.1 pm
stimulated emission from InAsSb/InSb DH laser structures grown by MBE. At pulsed
excitation, the Jy, was 1.48 kA/cm? at 77 K and the lasers can work up to 90 K with a Jy, of

2.68 kAlcm? [48].

Up to date, RT CW operation of bulk semiconductor lasers above 3 um has not yet been
achieved. By comparing the aforementioned reports, we can observe that in general, to
achieve longer wavelength lasing, higher Jy, is required and the devices typically have lower
Tmax- INn addition, it needs to be stressed that, none of these devices has a T, higher than 45 K
even at low temperatures. The low values of T and T, for longer wavelength lasers are
related to the strong Auger processes in the InAs-rich materials [49]. In these compounds, the
resonance between the band gap and the spin orbit splitting band is very likely to happen,

which dramatically enhances the CHSH Auger process. The consequence is that at T > 77K
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the threshold current density is dominated by the CHSH Auger mechanism which prohibits

RT laser operation [50].

3.3 Quantum well lasers

To further improve the performance of mid-infrared lasers, bulk gain materials were replaced
by QWs in the laser structure. Compared with bulk DH lasers, QW lasers have lower
threshold current density; the temperature performance, differential gain and modulation of
the mid-infrared lasers can also be improved [8]. In QW lasers, the QW active region is
embedded between spacer layers. The QWs have lower band gap energy but higher refractive
index as compared with the spacer layers. So the carriers are confined in the QWSs while the
emission is confined inside the waveguide layers to prevent it penetrating into the cladding

layers.
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Fig. 3.1 Band alignment and fundamental electron-hole transition el-hh1 of (i) type I and (ii)
type 11 QW structures [8].

3.3.1 Type I QW lasers
47



Fig. 3.1(i) illustrates the typical type | QW laser structure. The InGaAsSb/AIGaAsSh QW is
among the most investigated type | structure for the mid-infrared range. To date, for
wavelengths below 2.5 um, RT CW operation of InGaAsSb/AlGaAsSh type | QW lasers with
output power exceeding 1.0 W have been achieved. The lowest reported Jy, per QW layer is 50
Alcm? for 2.2 um lasers [51], 90 A/cm? for 2.3 um lasers [52] and 125 A/cm? for 2.5 pm
lasers [53] respectively. These laser structures were all grown by MBE on GaShb substrates.
However, one disadvantage of the InGaAsSb/AlGaAsSb QW is the shallow energy step in the
valence band between InGaAsSb and AlGaAsSbh, i.e., there is only a small hole confinement
in the QW, which can result in higher Jy, and lower quantum efficiency, especially at RT.
Growing the InGaAsSb with less As can add more compressive strain in the QW, which
levels up the energy bands of InGaAsSb (Fig. 3.2a), resulting in stronger hole confinement.
QW lasers with 1.5% strain demonstrated almost two fold reduction in J;, compared with the

same structure with 1% strain in the QWSs [54].
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Fig. 3.2 (a) Calculated band diagram of the 1% and 1.5% compressively strained QWs, (b)
Temperature dependences of the threshold current density for lasers with 1% and 1.5%
compressively strained QWs [54].

Although adding compressive strain can help improve laser performance, it is still difficult to
have RT QW lasers at longer wavelengths from the InGaAsSb/AlGaAsSh material system. By
replacing the AlGaAsSb spacer layer with quinternary AlinGaAsSb material, there can be a
much deeper energy offset in the valence band of the QWSs. As sketched in Fig. 3.3a, an extra
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100 meV can be added in the hole confinement energy for the 3.1 um lasers, which leads to
about two-fold reduction of Jy, (Fig. 3.3b), even though the quinternary barrier results in lower
electron confinement compared with the quaternary material [55]. Vizbaras et al. reported a
record-high 64 °C CW operation of the InGaAsSb/AlInGaAsSh type | QW lasers grown on
GaSb substrates emitting at around 3 um [56]. The QWs have a relatively strong hole
confinement of 71 meV. At RT, the lasers exhibited a low J, of 198 A/lcm® (66 A/lcm® per QW
layer). Output powers of 190, 165 and 50 mW were reported from this type of QW laser
emitting at 3.1, 3.2 and 3.3 um respectively at RT (CW operation), with the Jy, between 350
and 545 A/cm? (117 and 182 A/cm? per QW layer) [9]. In their work the hole confinement
energy was improved by increasing the In composition in the quinternary barriers. By
optimizing the waveguide geometry and material composition, Hosoda et al. demonstrated
lasing at 3.44 um from this kind of QW laser, which is the longest wavelength obtained at RT
in CW operation [57]. The devices can generate a 29 mW output power, with a Jy, of about

650 A/cm? (217 Alcm? per QW layer).
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Fig. 3.3 (a) Calculated band alignment for 3.1-pm emitting lasers. Solid line shows the band edges
for QW materials and for quinternary AlinGaAsSb barriers. The dashed line shows the band
edge position for quaternary AlGaAsSb alloys. (b) Temperature dependences of the threshold
current density for 3.1 pm emitting lasers with AlGaAsSb quaternary and AlGalnAsSb

quinternary barriers [55].

By increasing the In content in the InGaAsSb above 0.7, as compared with 0.57 in the 3.44

pm laser [57], the QW can emit above 3.5 pum. In order to maintain sufficient hole
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confinement (40-50 meV), the In content in the AlGalnAsSb barrier also needs to be
increased from 0.32 to 0.5 [58]. The number of QWs in the laser structure was also increased
to five, so as to produce high enough modal gain. The laser structure is sketched in Fig. 3.4(a).
The lasers can work at RT, emitting up to 3.73 um, though only with pulsed excitation. The Jy,

was 676 Alcm? (135 Alcm?® per QW layer) (Fig. 3.4b) [59].
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Fig. 3.4 (a) Schematic epitaxial layer structure of the investigated devices, emitting at 3.73 pm. (b)
Pulsed Jy, as a function of inverse cavity at 20 °C. The inset shows a measured emission spectrum
centred around 3.73 pm for a 2 mm long laser driven at 2.5 Iy, at 20 °C [59].
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In the meantime, GaSh-based type | QW single mode lasers in distributed feedback (DFB)
structures have been made, which is highly desired in trace-gas sensing systems. 2.65 pum
DFB lasers with InGaAsSh/AlInGaAsSbh QWs were demonstrated. The devices worked at RT
CW operation, with an output power of 25 mW and 150 mA threshold current [60]. RT CW
operation of 3.06 um and 3.4 um single mode lasers in similar structures were also reported
[61], [62]. The 3.06 um laser can have an output power of 6 mW, with a threshold current of

50 mA.

Lasing between 3 and 4 um from type | InAsSb QWs grown on InAs substrates has also been
developed. The 3.4 um laser contains 10 InAsSb/InAlAsSb type | QWs in the active region
and AlAsSb cladding layers on both sides, grown lattice-matched to the InAs substrates [63].
The devices can work up to 220 K in pulsed mode. The output power was 215 mW at 80 K in
CW operation, but decreased to 35 mW at 150 K. Allerman et al. grew the laser structure with
strained InAsSb/InAs QWs as the active region, and lattice-matched AlAsSb as the cladding
layers on InAs substrates by MOVPE [64]. The p-GaAsSb/n-InAs semi-metal structures were
included in the devices as a source for electron injection into the active region. These lasers

can perform up to 210 K in pulsed mode.

To make use of the more mature and more cost-effective GaAs and InP based technologies,
type 1 QWs in the mid infrared have been integrated on these substrate platforms. Mid-
infrared lasers on GaAs substrates were reported using two GalnSh/AlGalnSb type | QWSs as
the active region [65]. Lasing was observed up to 219 K at around 3.3 pum. By optimizing the
strain in the QWs, the Jy can be reduced to 34 Alcm? per QW layer at 100 K. Recently, strain
compensated InAs/InGaAs type | QWs were integrated on InP substrates using metamorphic
InAlAs buffer layers [66]. The lasers in a separate confinement heteostructure can work up to
110 K in CW operation and 170 K in pulsed mode, emitting around 2.7 pum. Further

improvements in performance can be expected by increasing the hole confinement in the QWs.
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To summarize, there has been significant progress in the type | InGaAsSb/Al(In)GaAsSb QW
lasers on GaSb in the mid-infrared. RT CW operation with high output powers has been
achieved for the wavelengths between 2 and 3.4 um. Strain in the QWs and quinternary
barriers have been utilized to lower the Jy, and increase output power. Lasing above 3.4 pm
has been realized at RT in pulsed mode using quinternary barriers. Tunable single mode DFB
lasers for gas sensing applications have also been demonstrated at RT in CW operation. At
near or above room temperature, the GaSbh based type | QW lasers can achieve a T, higher
than 100 K for wavelengths below 2.6 pum [67]. At 3.0 um, 3.4 um and 3.7 um, the highest
reported T, decreased to 43 K, 17 K and 16 K respectively. The reduction of T, can be largely
attributed to the increased free carrier absorption and Auger recombination at longer
wavelengths [55]. Besides the GaSb-based material systems, different structures of type | QW
lasers in the mid-infrared range have also been realized on InAs, GaAs and InP substrates.
These devices exhibit reasonable values of J, and T, though to date none of them can work at

RT in CW operation.

3.3.2 Type Il QW lasers
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Fig. 3.5 (a) Lasing spectra of type-11 InP-based lasers, measured in pulsed mode at RT. (b) band
structure of the type-11 laser structure [68].
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By using type Il QWs as the gain medium in the laser structure (Fig. 3.1ii), the Auger
recombination rate can be reduced by removing the resonance between the band gap energy
Eg and the spin orbit split-off energy A [69]. Moreover, by choosing the appropriate QW and
barrier material combinations, large band offsets can be formed on both conduction band and
valence band, eliminating the problem of carrier leakage as in some of the type I QWs [55].
One disadvantage of type Il band alignment is the separation of electron and hole wave
functions, which can lead to the reduction of radiative recombination rate in the type Il QWs.
But under external excitation, this problem can be compensated by the Coulomb interaction
between localized electrons and holes, which can bend the energy bands and increase the
wave function overlap [67]. In addition, in type Il QW laser structures, more QWs than in the

type | lasers are usually placed in order to reach high enough gain.

The group of M. Amann has made significant progresses on the type Il QW lasers grown on
InP substrates. GalnAs/GaAsSb QWSs have been used as the gain medium. The holes are very
well confined in the GaAsSb layer due to their high effective mass, while the electrons are
lightly confined in GalnAs. The laser structures usually also contain thin AlAsSb and
AlGalnAs layers on each side of the active region to block the carriers from directly flowing
to the other side of the devices. Either InP or AlInAs is used as the top p-cladding layer (Fig.
3.5b). The active region is composed of six QWSs. At RT in pulsed mode, the lasing
wavelength has been extended from 2.2 um to 2.6 pm by increasing the well thickness (Fig.
3.5a). The Jy, of these lasers lies between 1.3 and 1.9 kA/cm? (220-320 A/cm? per layer) at RT.
For the 2.3 um laser, the T, is 51 K in the temperature range below 285 K, but decreases to 27
K at RT, and further to 16 K when temperature is above 300 K. The decrease of T, can
indicate the onset of an extra loss mechanism, the origin of which is still not clear.

Nevertheless, the 2.3 pm laser can work in CW mode up to 0 °C [70].

Wilk et al. developed type Il InAsSb/InAs QW lasers on InAs substrates emitting at 3.5 pm

[71]. The active region contains ten InAsSb QWs with 20 nm thick InAs spacers in between.
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Lattice-matched AlAsSh was used for both p- and n-cladding layers. These lasers worked up
to 220 K in pulsed mode, and up to 130 K in CW operation. At 90 K, a Jy, of 20 Alcm? per
layer was obtained in pulsed mode, which is comparable to the Jy, of mid-infrared type | QW
lasers. In the 100 K to 125 K domain, the T, was estimated to be around 40 K in CW
operation. However, the waveguide loss of these lasers is still relatively high (~30 cm™). By
optimizing the laser structure, it is possible that the loss can be reduced and the laser

performance could be enhanced.

3.4 Superlattice lasers

If the barrier thickness between adjacent QWs is reduced close to the well thickness,
confinement can appear both on the valence band and conduction band. Instead of the discreet
states in separated QWSs, in these structures minibands will be formed due to the strong
tunnelling of carriers through the thin barriers/wells. Such structures are called superlattices
(SLs). GalnAs/InAs superlattices on GaSb substrates were first used by Chow et al. as the
gain medium in the laser structures, which emitted between 3.28 um and 3.9 um [72]. The
Tmax decreased from 170 K for shorter wavelength lasers to 84 K for longer wavelength lasers.
The emission wavelength of this kind of laser was then extended to the range between 2.8 um
and 4.3 um [73] and the T.x increased to 255 K for the 3.2 um laser. With an optimized
active region, T, was improved from 30 K to 86 K for the temperature range below 200 K
although at higher temperatures, the value dropped to 33 K. Zhang et al. made use of
InAs/InAsSb SLs on InAs substrates, which have a type Il band alignment, for lasers emitting
at around 3.4 um [74]. The devices can work CW up to 95 K, with a J;, of 56 A/cm? and a T,
of 32 K. The InAs/InAsSb SLs exhibited an electron-hole wave function overlap of 89%,
which is significantly larger than in the type Il InAsSb/InAs QWs (42%). InAsSb/InAsP SL

lasers were then developed by MOCVD growth, which have a type | band alignment [75]. The
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large light-heavy hole splitting (70 meV) in the superlattices helped to suppress Auger

recombination. The lasers displayed emission at around 3.9 um up to 240 K, with a T, of 33 K.

Despite the good results reported above for SL lasers, it is important to note that the structure
is non-optimal since the electrons have a quasi-three dimensional (3D) energy dispersion, like
in a bulk material. QW lasers have significantly higher performance than bulk DH lasers
because the more concentrated 2D density of states yields higher gain per injected carrier at

threshold [76]. The SL structures fundamentally lack this advantage.

3.5 “W” lasers

A “W” structure is typically composed of a “hole” QW sandwiched between two “electron”
QWs, resulting in a “W” shape in band alignment. The small effective mass of electrons and
the thin “hole” QW means the electron wave function can largely spread across the whole “W”
region. Using “W” structures as the active region in lasers can combine the advantages of both
type | QWs (confinement for both electrons and holes, and large wave function overlap), with
the advantage of type Il QWs (reduced Auger recombination rate) [55]. Type 1l
InAs/GalnSb/InAs “W” structures on GaSb substrates were proposed for the mid-infrared
range (Fig. 3.6), which exhibited an electron-hole wave function overlap of 57% [69]. This
structure was later optimized by adding AlGaAsSb separate confinement heterostructure
(SCH) layers, which can maximize the optical confinement factor in the active region and
minimize free carrier absorption losses in doped cladding layers. The laser active region was
composed of 5 “W” structures, which can work up to 195 K in CW mode, emitting at around
3.25 um [77]. The J;, was 13 Alem? per “W” layer at 78 K, and increased to 280 A/cm?® per
“W” layer at 195 K. By increasing the number of “W” structures to 10, the lasers can work up
to 310 K in pulsed excitation. Canedy et al. extended the emission wavelength of similar “W”
laser structure emitting up to 3.7 um. They used InAs/AISb superlattices for the n-cladding,

and InAs/GalnSb superlattices for the n-SCH and transitional layers between the regions to
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smooth out abrupt discontinuities in the conduction band profile. The T, reached 218 K in
CW mode and 317 K in pulsed mode, the Jy, was effectively reduced to 6.2 Alcm? per “W”

layer at 78 K [78].
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Fig. 3.6 Schematic band diagram of the InAs (15 A)/GalnSb (27 A)/InAs (15 A)/AlGaAsSb (80 A)
“W” laser structure. The lower part shows the fundamental electron (el) and heavy-hole (hhl)
wave functions [67].

Recently, InAsN/Ga(As)Sb/InAsN “W” lasers were also proposed on InAs and InP substrates
[79], [80]. The theoretical calculations proved that dilute nitride “W” structures can achieve
high modal gain and large T,. Optically pumped GaAsSb/InAsSb/GaAsSb “M” lasers, which
are in an inverse “W” shape, have been demonstrated up to RT emitting around 2.4 um, with a

T, of 47 K for temperatures above 250 K [81].

3.6 Quantum dot lasers

As discussed in the previous chapter, due to its delta-like DOS, QDs are promising gain media
for semiconductor lasers to obtain extremely low Jy, high differential gain and excellent
temperature stability [2]. In the last few decades, there has been great progress in QD lasers in

the visible and near-infrared spectral range. For instance, at around the 1.3 um
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telecommunication wavelength, the type | InAs/InGaAs QD lasers on GaAs substrates grown
by MBE demonstrated a Ji, as low as 4.3 A/lcm? per layer at RT [82]. Although, theoretically it
was suggested that the Jy, of QD lasers can be temperature insensitive [83], in reality there is a
trade-off between low Jy, and temperature stability for undoped QDs (i.e. QD lasers with low
Jin typically can only have relatively small value of T,) [84]. Although the radiative current in
QDs can be approximately constant over a wide range of temperatures, non-radiative Auger
recombination hampers the chance for temperature stable Jy,. Especially for longer wavelength
(2.3 - 1.5 um) InAs QD lasers, Auger process can consume a large part of the injected carriers
at RT, while for shorter wavelength lasers, thermal leakage of carriers out of the QDs is
believed to be the major factor for small values of T, at RT [85]. By using p-doped
InAs/InGaAs QDs, Fathpour et al. reported temperature invariant (T, —) lasers for above
RT [86]. In the p-doped QDs, Auger recombination still exists, but the increase of Auger rate
with increasing temperature is compensated by a decrease in radiative current around room
temperature due to the increased potential barrier height for the electrons, making the lasers

temperature stable over a limited temperature range, though at the expense of higher Jy, [84].

It is difficult to extend the wavelength of InAs/(In)GaAs QDs beyond 1.6 um. Other QD
material systems have been explored. A single layer of InAsSb QDs was grown in an InGaAs
QW on InP substrate by MOCVD. InGaAsP and InP cladding layers were included in the
laser structure [87]. These lasers worked CW at RT, emitting at 2.03 pm with a Jy, of 730
Alcm?. The emission wavelength of InAs quantum dashes (elongated QDs) has recently been
extended to around 2 pum. RT lasing of the dash-in-a-well structure grown by MBE on InP

substrates has also been reported [88].
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Fig. 3.7 Dependence of the T, on Jy, at room temperature of 1.3 um QD lasers based on data
available from literature. The underlined symbols are DWELL structures [84].

3.6.1 InSb/InAs quantum dots

In the spectral range between 3 and 5 um, In(As)Sb QDs in an InAs matrix are the most
promising candidate as the gain medium for QD lasers. Bright photo-luminescence (PL) and
electro-luminescence (EL) of the In(As)Sb/InAs QDs have been demonstrated at RT [89],
[90]. As shown in Fig. 3.8, the QD structure has broken type Il band alignment (i.e. the
valence band of InSb QD is higher than the conduction band of InAs matrix), and radiative
recombination happens between the electrons in InAs and the holes in confined states of the
InSb QD. The large lattice mismatch between InAs and InSb (~6.5%) ensures the QDs can be

self-assembled.

Liquid phase epitaxy (LPE) has been utilized to grow the InSb/InAs QDs [91]. Under optimal
growth conditions, the density of the InSb QDs can reach the order of 10'° /cm?. The typical
size of the QDs is between 2 to 6 nm in height, and 10 to 40 nm in radius [92]. However, no

PL or EL signal from the LPE grown QDs has ever been reported.
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Fig. 3.8 Band alignment of InSb/InAs QDs. The holes are localized in the QDs and the electrons
are in the InAs matrix [93].

MBE techniques were developed to produce much higher density (~10" /cm?) InSb QDs in
extremely small sizes (height: ~ 2 nm, width: ~6 nm) [94]. The cross-sectional TEM image
(Fig. 3.9a) of the QD sample reveals clear insertion of InSh layers in the InAs matrix, and the
plan view image (Fig. 3.9b) indicates the formation of dot-like InSb structures. These QDs are
grown by exposing a flux of InSb on InAs surfaces, and the formation of QDs makes use of an
As-Sb anion exchange reaction [89]. The deposition of InSb QDs using conventional epitaxy
(CE) and a novel technique called migration enhanced epitaxy (MEE) have been compared
[95]. During the CE growth, the shutters of In and Sb were opened simultaneously. While
during the MEE growth of each QD layer, the In shutter was opened first for 4 s, followed by
the Sb shutter for 20 s. It has been proved that the MEE growth technique without annealing
can produce QDs of a smaller mean size and better size uniformity. To grow the InAs spacer
layer between QD layers at a low temperature can also significantly enhance the emission
efficiency of the QDs, suggesting that low temperatures are required to maintain good optical
properties of the QDs. Both (Sh,, As,) and (Shy, Asy) have been used to grow the QDs [89]
[90] [94]. At the same temperature, the growth rate by using (Sh,, As;) was found to be
smaller than using (Shy, As,). This is because there is a dynamic equilibrium between As-Sh
and Sh-As exchange reactions, and the Sb-As exchange is easier under As, flux. However,
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there are no observable differences in the size distribution and density of QDs caused by these

two types of fluxes.

Fig. 3.9 Dark-field (002) cross-sectional (a) and plan-view (b) TEM images of ten-period
InSb/InAs nanostructures (a) and single InSb insertion (b) [94].

The growth of InSb QDs on InAs substrates has been experimented at different temperatures.
Reflection high-energy electron diffraction (RHEED) intensity plots revealed that the As-Sb
exchange is more effective at lower substrate temperatures (Fig. 3.10a) [5]. The resulting
InSb/InAs QDs exhibited bright PL in the 3-5 um spectral range. As shown in Fig. 3.10b, with
thicker InSb deposition, the PL peak displays a clear red shift. The QDs’ PL intensity also
decreases with increasing InSb thickness, which is probably caused by smaller electron-hole

wave function overlap in the lager QDs.
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Fig. 3.10 (a) RHEED intensity variation during the growth of InSb QDs obtained at different
substrate temperatures, (b) PL spectra of InSb/InAs QDs with different thickness measured at 80
K [5].

The RHEED pattern also suggested that, under certain growth conditions, an extremely thin
wetting layer can be formed during the QDs growth due to strong Sh segregation [96]. A weak
PL peak shorter than the QD signal wavelength can be observed from some of the samples
when the temperature is above 110 K, which might originate from the disordered thin wetting
layer [97]. However, there is still no clear evidence from microscopic images to support the

existence of the wetting layer.

Due to its extremely small sizes, it is difficult to measure the size and composition of the InSb
QDs accurately. Yeap et al. used multiband k.p method to calculate the band structure and
transition energy of the QDs with varying size and composition [98]. In their calculations, the
width of the QDs was fixed to be 2.5 nm. Fig. 3.11 shows the conduction band, HH, LH and
SO band alignments with varying aspect ratio (AR) by assuming the QDs are composed of
pure InSh. In the type Il QDs, the electrons were found to be weakly bounded by Coulomb
attraction. The 3- um QD emission involved the electron recombination with ground state

HHs from QD with AR between 2.2 and 2.8. Excited hole states also existed in the QDs, but
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their recombination would correspond to much shorter wavelengths. If the QDs contained a

small amount of As, the emission wavelength would be longer than pure InSb QDs with the

same size.
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Fig. 3.11 Strain-modified band profiles along the (001) growth direction through the dot centre:
dashed line—conduction band, solid line—heavy-hole band, dash-dot-dot line—light-hole band,
dash-dot line—split-off valence band. (a) AR=2; (b) AR=3.5; (c) AR=8.

Despite the promising facts of high density QDs growth, strong PL and EL signals at RT, and
wavelength tunability over a wide spectral range, there have been only two reports on
InSb/InAs QD lasers. The first structure employed AlAs,16Sbogs cladding layers lattice
matched to the InAs substrate and operated up to 20 K in pulsed mode with a threshold
current, Jy~1 kA/cm? (Fig. 3.12a) [93]. To avoid problems with doping the n-AlAsg 16Sb g4,
another structure used AlysGag,ASy15Shpgs and CdMgSe as p- and n-side cladding layers,
respectively, and worked up to 60 K using pulsed excitation with J;~3 kA/cm? (Fig. 3.12b)
[99]. It needs to be noticed that, for both of these two laser structures, the stimulated emission
was observed around 3 pm, shorter than the typical QD PL peak wavelength, though the

reason hasn’t been explained yet.
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Fig. 3.12 EL spectra of QD laser structures (a) with AlAsSb cladding layers containing eight (blue
curve, 20 K) and 10 (red curve, 4 K) InSb QD sheets in the active region, (b) with AlGaAsSband

CdMgSe cladding layers.

3.7 Quantum cascade lasers

The previously discussed different types of lasers (bulk semiconductor lasers, QW and QD
lasers, etc) are all based on inter-band carrier recombination. The quantum cascade lasers
(QCLs) differ in a fundamental way from these laser structures. The stimulated emission from
a QCL relies on the electronic transition between quantized sub-bands of the multi-layered

structure. The light emission mechanism of QCLs only involves the transition of one type of
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carrier (electrons). The working principle of a QCL is explained in Fig. 3.13. Each active
region contains a number of QWs, resulting in several quantized energy levels. Under forward
bias, the electrons are first injected to level 3. The transition of electrons from level 3 to the
lower energy level 2 will emit photons with energy equal to the difference between levels 3
and 2. The electrons on level 2 quickly decay to the ground level (black curve), where they
can tunnel through the injector region to be re-used in the next active region. The active
region is designed to get small wave function overlap between levels 3 and 2, and the
transition from level 2 to the ground level is much quicker than the 3—2 transition, so that
population inversion can be ensured [100]. Typical QCLs contain 20-30 cascaded active
regions with several hundred layers in total [101], though single active region lasing has also

been reported [102].
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Fig. 3.13 simplified schematic of the conduction band structure for a basic QCL, where the lasing
transition is between sub-bands 3 and 2 [103].

The first QCL was reported in 1994, emitting at around 4.3 um [100]. Since then there has
been extensive progress in QCLs. In 1997, single mode QCL at RT in a DFB structure was

demonstrated [104]. The first CW operation of a QCL at RT was reported by Beck et al. in
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2002 [105]. By tuning the energy difference between levels 3 and 2, changing the layer
thickness and compositions, the QCLs can now cover an extremely wide spectral range of 2.9-

250 pm [106].

The realizations of mid-infrared QCLs are mainly based on three material systems:
GalnAs/AlInAs on InP, GalnAs/AlAsSb on InP and InAs/AISb on InAs. The GalnAs
(well)/AlInAs (barrier) structure is the most heavily investigated gain region for QCLs,
achieving RT CW operation of the QCLs with more than 10% wall plug efficiency (WPE)
and output power of a few Watts in the 4-7 um range [103]. The band offset between GalnAs
and AlInAs lattice-matched to InP is only 530 meV, which is not high enough to provide
sufficient confinement for short wavelength lasing. By adding 1% strain in the structure, the
band offset can be greatly increased to 800 meV, and 4.6 um QCLs were realized. When the
strain was further increased to 1.6%, the lasing wavelength can be moved to 3.5 pm [107] . In
both cases, the QCLs can work at RT in CW mode. The T, was reduced from 127 K to 88 K
as the wavelength decreased from 4.6 to 3.5 um, due to increased electron leakage to the
lowest energy levels, though it is still higher than most of the QW lasers in this range.
However, the J;, of this type of QCL at RT (1.7 kA/cm? for 4.6 um laser and 2.3 kA/cm? for
3.5 um laser) is still quite high compared with QW lasers. The GalnAs/AlInAs material
system can be implemented by adding AlAs in the barrier. Due to the large lattice mismatch
between AlAs and InP, using composite AlInAs/AlAs barrier layers can tune the layer
thickness and strain almost independently. The corresponding QCLs can emit at 3.3 um at RT
pulsed mode, with a Jy, of 3.7 kA/cm? and watt-level output power [108]. High output power
was also reported from a 3.76 pm QCL at RT CW mode, with a Jy, of 1.5 kA/cm? [109].
Single mode DFB lasers were demonstrated using this kind of QC structure between 3.19 and

3.41 pm at RT with pulsed excitation [110].

The GalnAs/AlAsSb material system on InP substrates can benefit from the high conduction

band offset of 1.6 eV, which makes it the most suitable material system for shorter
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wavelength QCLs. RT CW operation of this kind of QCLs have been reported in the range
between 3.0 and 3.55 um [111], [112]. However, the growth suffers from the Sb inter-
diffusion problem, which makes it difficult to make high quality interfaces. By selectively
incorporating AlAs into the active region instead of AIAsSb, the performance of the QCLs
emitting around 3.7 um can be significantly enhanced [113]. The output power at RT pulsed
mode was increased from 31 mW [114] to 2.6 W, with a J;, of 3.3 kA/cm? and 1 W peak
power can also be achieved at 400 K [113]. Recently, 3.3 um QCLs with an GalnAs/AlAs(Sb)

active region was also reported. The RT CW output power can exceed 3.5 W [115].

The InAs/AISb on InAs substrates material system has an even higher conduction band offset
of 2.1 eV, making it very suitable for shorter wavelengths QCLs. This type of QCLs at 3.3 um
can work up to 400 K in pulsed mode. The J;, at RT was about 3 kA/cm?, and output power
can reach 1 W [116]. QCLs with InAs/AlSb active region emitting at around 2.95 pm can also
work at RT in pulsed mode [117]. The 2.6 um QCLs can only work up to 175 K [118]. The
increased carrier leakage from I valley to L valley with decreasing wavelength can be the

main reason for the degradation of this kind of QCLs’ performances [119].

3.8 Interband cascade lasers

One major problem in the development of the QCLs is the fast non radiative relaxation
between sub-bands via optical phonon scattering, which is in the order of 1 ps, leading to low
radiative efficiency and substantial heating which limit their performance [67]. The idea of
interband cascade lasers (ICLs) was first proposed by Yang [120]. Similar to QCLs, the
electrons in ICLs can also be re-used after emitting photons. However, the ICLs rely on the
interband transition in the active regions, which is fundamentally different from the inter-
subband transition of QCLs. The band profile and working mechanism of a typical ICL are
illustrated in Fig. 3.14. The “W” active region is composed of two InAs electron wells with

one GalnSb hole well in between. After the interband recombination in the “W” region, the
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electrons on the valence band transfer via either tunnelling or scattering to the first InAs QW
in the electron injection region. The semimetal interface between GaSb and InAs, which
originates from their broken type Il band alignment, helps to maintain the population
inversion in the “W” region. The electrons generated at the interface move through the
electron injector to the next active region. In a very similar manor to the “W” lasers, the lasing
wavelength can be tuned over a wide range by varying the well thickness in the active region.
But for longer wavelength lasing, thicker InAs layers are required in the active region, which

will consequently decrease the gain due to the reduced wavefunction overlap [121].
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Fig. 3.14 Conduction and valence band profiles for one stage of an ICL under bias, along with the
succeeding stage’s active region. The “W” active, hole injector, and electron injector regions are
indicated, along with some of the more important electron and hole wave functions plotted at
energies corresponding to their respective subband extrema under bias [121].

In recent years, very outstanding performances of the ICLs in the mid-infrared range have
been reported. RT pulsed mode operation was demonstrated from ICLs containing 5 “W”
structure active regions on GaSh substrates, emitting between 3.2 and 4.2 um [122]. At RT,
the Jy, is in the range between 390 and 630 Alcm?, and the T, is around 39-45 K for all the
lasers. By increasing the number of active regions to 7, Canedy et al. reported reduced internal
loss and enhanced external quantum efficiency from the ICLs emitting between 2.95 and 4.7
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pm [123]. They also demonstrated 3.5 pum ICL working at RT in CW mode, with 592 mW
output power. Jy, below 100 A/cm? in pulsed mode has been achieved from an optimized ICL
structure with 10 active regions emitting at around 3.7 um [124]. The lasers can work in CW
mode up to 80 °C, with 28 mW output power at RT. By heavily doping the injector regions to
rebalance the concentration of electrons and holes, Bewley et al. improved the performance of
ICLs between 4.7 and 5.6 um [125]. These devices can work at RT in CW mode, with Jy, of
480 A/cm? for the 4.7 um laser and 530 A/cm? for the 5.6 pm, comparable with shorter

wavelength ICLs.

Single mode ICLs have been made for various kinds of applications. DFB structures with
laterally coupled metal gratings produced single mode ICLs working at RT in CW mode,
emitting around 3.8 um [126]. The wavelength can be tuned over 10 nm range, and output
power can exceed 6 mW. Kim et al. deposited a thin germanium film to fabricate the DFB
structure, which resulted in single mode ICLs around 3.8 um working up to 80 °C in CW

mode with a high output power of 27 mW at 40 °C [127].
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3.9 Comparisons
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Fig. 3.15 Jy, of different types of lasers in the wavelength range between 2 and 4.5 um at RT. The
symbols with black strokes signify the values are measured at pulsed operation.

In many different application cases in the mid-infrared range, it is required for the laser
sources to work at RT in CW operation. Some types of the lasers discussed above have
achieved this goal. The comparison of Jy, at RT is illustrated in Fig. 3.15. It is clear from this
plot that the Jy, of type | QW lasers at RT in CW operation increases significantly with rising
temperature, which is mainly due to the increased Auger recombination. The value of Jy, is
still below 1 kA/cm? for up to 3.5 pm. But this type of laser can only work in pulsed mode at
RT in the longer wavelength range. Type Il QW lasers below 3 pum wavelengths need Jy,
higher than 1 kA/cm? to work at RT in pulsed mode, and “W” lasers require J;, ~10 kA/cm?
for above 3 um wavelengths (at RT pulsed mode). The Jy, of QCLs in pulsed mode typically
falls between 1 and 3 kA/cm? in the 3-4 pm spectral range. However, in CW mode, the Jy, of
QCLs is significantly higher (~10 kA/cm?). Up to date, the ICLs have achieved the lowest J;,’s

at RT in CW mode (200 to 700 A/cm?) for the range between 3.2 and 3.7 um.

Regarding T, the values for type | QW lasers at RT decrease with increasing temperature,

going down below 60 K above 3 um. The T, of type I QW lasers, “W” lasers, ICLs, QD lasers
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and bulk lasers all fall within the range between 20 K and 60 K at RT. Compared to this,
QCLs have significantly higher T,. Above 100 K T, has been achieved for 3-4 um spectral
range. It can be related to the fundamentally different transition mechanism in QCLs (inter-

subband transition) compared with in other types of lasers (interband transition).
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Fig. 3.16 T, of different types of lasers in the wavelength range between 2 and 4.5 um at RT. The
symbol ¢_p’ in the legends represents values measured at pulsed mode.

The output power from type | QW laser at RT CW mode is reduced by almost 2 orders of
magnitude (from 2 W to 30 mW) when the wavelength increases from 2.2 to 3.5 um. On the
contrary, the output power from QCLSs decreases greatly as the wavelength moves from 4 to 3
pm. At around 3.5 pm, QCLs can produce several hundred mW output power, while QW
lasers can only give less than 100 mW at RT in CW mode. At this wavelength, ICLs can also

generate output power similar to QCLSs.
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Fig. 3.17 Optical output power at RT in CW mode from different types of lasers in the 2-4.5 um
range.

Putting these three aspects together, at RT in CW mode ICLs show superior performance with
low Jy, and high output power between 3 and 4 um, only the T, are not as high as QCLs. On
the other hand, QD lasers only work around 2 um at RT in CW mode, with high J and low
output power. Although InSb QDs have demonstrated PL and EL within the 3-4 um spectral
range at RT, there is plenty of work to do so as to obtain lasing performance comparable with

state-of-the-art mid-infrared laser sources.
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4. Experimental procedures

4.1 Molecular beam epitaxy

MBE is an epitaxial process by which the growth of materials takes place under ultra-high
vacuum (UHV) conditions (10° — 10" Torr) on a heated crystalline substrate by the
interaction of adsorbed species supplied by atomic or molecular beams [128]. The deposited
layers or structures have: (i) the same crystalline structure of the substrate or a structure with a
similar symmetry and (ii) a lattice parameter differing from that of the substrate by no more
than ~10%. The atomic or molecular beams are generated by evaporation or sublimation of
suitable materials contained in ultra-pure crucibles [129]. The growth rate of MBE is in the
order of 1 monolayer per second. With the help of the shutters placed in front of the crucibles,
this slow rate ensures the control of the deposited material composition in monolayer

precision.

4.1.1 Growth apparatus

Outgassin
Station

Fig. 4.1 Schematic drawing of the VG V80H MBE system used in this work.

A VG V80H MBE system was used to grow the materials and structures in this work, which
is illustrated in Fig. 4.1. The substrates are first introduced into the system through the load
lock, and then baked at the outgassing station, typically at 350 °C. Before opening the valve to

the growth chamber, the turbo pump and the ion pump ensure the pressure in the introduction
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chamber is in the range of 10° mbar. The ion pump together with the cryo-pump keeps the
UHYV condition in the growth chamber. The growth chamber is equipped with group-Ill, Ga,
Al and In effusion cells, group-V As and Sb effusion cells, Si and Be effusion cells for n and p
type doping. A liquid nitrogen cooled cryo-panel is placed around the growth chamber, which
provides thermal isolation between different cells and help maintain the ultra-low pressure

inside the chamber.

Fig. 4.2 gives more details of the inside of the growth chamber. The substrate holder is
mounted on the wafer manipulator which rotates the substrate during the growth to improve
sample uniformity. The vertical axis can also be rotated so that the ion gauge faces the cells.
The ion gauge is used to measure the beam equivalent pressure (BEP). High energy electrons
are emitted from the reflection high energy electron diffraction (RHEED) gun, after striking

on the surface of the sample, reflect patterns on the fluorescent screen.
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Fig. 4.2 Schematic view inside an MBE growth chamber [129].

The material fluxes are generated from Knudsen cells. Inside a Knudsen cell, the solid state
material is contained in an inert crucible which is radiatively heated by Ta ribbons or wires.

The cell temperature is monitored by a thermocouple, and accurately controlled by a closed-
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loop controller. By changing the cell temperature, the material flux can be varied. For In, a
dual element cell is used, which consists of a tip heater for the crucible lip at the aperture
region, and a base heater for the crucible body. Valved cracker cells are used for group-V
materials. Fig. 4.3 below shows an example of As valved cracker cell. As is first thermally
evaporated from the crucible in the form of As,. After passing through the needle valve, the
As, enters into the cracking stage, where it can be transformed into As,. The cracking is
achieved by interactions of tetramers with surfaces at a high temperature (set at 950 °C in the
experiment). The base temperature is kept at 360-380 °C for As and 580-590 °C for Sh. The

fluxes of the materials can be controlled by the position of the needle valves [129].

heater
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cracking needle valve
stage Ing actuator
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Fig. 4.3 Schematic cross-sectional view of a As valved cracker cell [129].

4.1.2 RHEED

RHEED is an important tool in monitoring the growth in MBE systems. The technique is
based on an electron gun that produces a beam of electrons with energies of 10-15 keV and a
fluorescent screen where electrons diffracted from the sample surfaces form the diffraction
pattern. The angle between the beam and the surfaces is in the range of 0.5-2.0 °. The patterns
can be analysed visually or by image processing tools, providing real-time in-situ analysis of

the growth.

The RHEED pattern can be used as an indication of surface morphology. On a perfectly

smooth surface, the electron beam under grazing incidence (0.5-2.0 °C) is diffracted by a two-
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dimensional lattice, resulting in streaky patterns on the screen. In the case of a rough surface,
the electron beam interacts with a three-dimensional lattice, which is represented by spotty
patterns on the screen. The diffraction pattern depends on i) the azimuth of the impinging
electron beam with respect to the crystallographic directions of the surface, and ii) surface
reconstruction during the growth. Fig. 4.4a gives examples of the RHEED patterns from GaAs
growth under As-rich condition. After a few seconds from the start of growth, the pattern
transforms from spotty to streaky, indicating layer-by-layer growth has been established. The
integer order streaks correspond to the position of spotty patterns at the beginning. In (011)
and (0-11) azimuths, the pattern is characterized by one or three fractional streaks between the
integer ones respectively, indicating a 2x and 4x periodicity of the GaAs surface in these two
directions. The 2x4 surface reconstruction is a feature of As-stabilized growth. Under Ga-rich

growth conditions, the pattern would have 4x2 periodicity [129].

l l l l l 8: Coverage rate on Process image Temporal change in
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Fig. 4.4 (a) RHEED patterns observed along the (011) and (0-11) azimuths during the MBE
growth of epitaxial GaAs on a (100) GaAs substrate. The arrows mark the position of integer
order streaks [129]. (b) Different stages of 2D layer-by-layer growth mode and the corresponding
RHEED intensity with time.
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In 2D layer-by-layer growth, the RHEED pattern can also be used to estimate the growth rate.
On a smooth surface, the RHEED pattern is bright. When the deposition of one additional
monolayer starts, islands and atoms on the surface can make the pattern become dim. As half
of the surface is covered, the pattern would become the darkest. Finally, when the whole
monolayer is formed, the smooth surface can be reconstructed and the RHEED recovers to be
bright again. These different stages are illustrated in Fig. 4.4b. This one circle of the
brightness oscillation corresponds to the deposition of one monolayer. One monolayer of (001)
GaAs has the thickness of 0.283 nm. So by estimating the RHEED oscillation frequency, the

growth rate of GaAs can be measured.

4.1.3 Flux calibration

The fluxes from the material sources cannot be directly measured in the MBE system. The
reading of BEP is proportional to the flux arriving at the sample surface and hence the growth
rate. In the calibration stage, for group-I1l material, the BEP dependence on cell temperature
was measured. And for group-V material, the values of BEP’s were measured with different
valve positions. By comparing the BEP values, the cell temperature or valve positon can be

adjusted to obtain the desired growth rate.

4.2 Material characterization

Before processing the material into devices, the composition and crystal structure of the
materials grown in MBE need to be characterized by X-ray diffraction and photo-
luminescence from the materials and nanostructures was carried out to determine the band

gaps and emission characteristics.

4.2.1 X-ray diffraction
Double crystal X-ray diffraction (XRD) was used to study the composition of the grown

materials and to estimate the layer thickness of nanostructures. The wavelength of X-rays is in
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the same order of the atomic spacing in semiconductors, so the periodic structural
characteristics can be probed from the diffraction patterns of the X-ray. For the rays to

interfere constructively, the Bragg condition must be satisfied:

ZdhleineB =nl (41)
where dyq is the lattice plane spacing, g the Bragg angle dependent on the material, n an
integer and A the wavelength of the X-ray. Materials with different lattice plane spacing

require different angles to meet the Bragg condition [130].

A QC200 Double Crystal XRD system from Bede Scientific Instruments was used. A
schematic drawing of the set-up is shown in Fig. 4.5 below. High energy electrons are
produced from a hot filament, and accelerated to strike a copper target which causes electrons
in the innermost K-shell to be ejected. An electron from a higher L-shell falls into this vacant
site in the K-shell and the radiation is emitted in the form of X-Rays Cu xal and Cu xa2. A
slit in front of the detector was used to screen Cu xa2 radiation. Double axis rocking curve
measurements were performed using this XRD set-up. The sample was first aligned by
adjusting the position of the plate, the rotation angle and the tilt angle. The Bragg angle of the
substrate material was found by changing the X-ray incident angle ®. The position of the
detector was represented by the 20 angle shown in Fig. 4.5, which equalled twice the value of
the incident angle ®. During the ®-20 scan, both the sample plate and the detector were
moved at the same time (i.e., if the plate was rotated by a degree, the detector was rotated by 2
a degree). RADS Mercury software was used to analyse the rocking curves. The lattice
mismatch, strain, and layer thickness of the grown material can be estimated from the

measured data.
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Fig. 4.5 Schematic drawing of the XRD set-up.

4.2.2 Photo-luminescence

The Photo-luminescence (PL) spectroscopy measurement set-up is sketched in Fig. 4.6. A
class 4 Argon ion laser with a drive current of 20 A emitting at 512 nm was used to excite the
samples. The laser light was chopped on its path by the chopper at a frequency of ~ 180 Hz.
After reflections from the three beam steering mirrors and passing through a focusing lens, the
laser light hit the sample surface with a spot size of around 1 mm? The highest intensity from
the Ar laser was 1.4 W, neglecting the losses in the optical path, it corresponded to up to 14
W/cm? on the sample surface. The sample was placed inside the cryostat which can be cooled
down to 4 K using liquid helium. The emitted light from the sample together with the laser
light reflected by the sample surface travelled through three focusing lenses. Before entering
into the monochromator, the laser light can be blocked out by the optical filters placed in front
of it. Depending on the PL wavelengths, 1.04, 1.9 and 3.8 um optical filters can be used. The
two slits at the entrance and the exit of the monochromator can be adjusted in width to help
improve the resolution. The smallest step of the monochromator corresponded to 1 nm in
wavelength. A Graseby liquid nitrogen cooled InSb photo detector behind the monochromator
exit slit collected the PL signal, which, after passing through the pre-amplifier, was fed into
the Stanford SR830 DSP lock-in amplifier. The chopper provided the lock-in reference signal.

After the two amplifiers, the signal was send to the Labview program in the PC, which also
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controlled the grating position of the monochromator through the stepper motor controller. It
needs to be noted that the amplified signal sent to the program was in the unit of volt, not the

intensity of the PL signal, so this set-up can only measure the relative intensity of the PL

emission.
L Argon ion laser
SryQstat monochromator "
sample filter detector
B ) \A/\/
G lenses
Ny Pre-amplifier
mirror\ mirror |
Lock-in Labview Stepper motor
amplifier program controller

Fig. 4.6 Schematic drawing of the PL measurement set-up. Green lines: Ar laser optical path; red
lines: PL emission optical path; purple lines: detected signal flow; dashed back lines: electronic
control signal flow.

The excess carrier concentration generated in the sample from the Ar laser excitation can be
estimated from:

_ 42
" hy

n
where | is the incident power intensity, « is the absorption coefficient (2x10* cm™ for InAs), T
is the carrier lifetime and &o is the photon energy of the argon laser (2.4 eV). At 10 W/cm?
excitation, and assuming a carrier lifetime of 1 ns, the carrier concentration in the material can

be estimated to be around 5x10* cm,
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Fig. 4.7 lllustration of the cryostat for PL measurement.

The temperature of the sample can be controlled by the cryostat in the range of 4-300 K. The
sample was attached at the end of the cold finger, which was then put into the inner chamber
of the cryostat. Thermal exchange gas (helium) was delivered to this chamber and sealed
inside it. The outer chamber acted as the thermal isolation. During the measurement, it was
connected to the rotary pump which kept the pressure around 4x102 mbar. Liquid helium flew
constantly between the two chambers to cool the inner chamber and the sample through the
exchange gas. A heating coil at the bottom of the chamber can heat up the inner chamber to
adjust the temperature. The temperature was set on the temperature control panel, which can
adjust the flow of the liquid helium and the current in the heating coil. A thermocouple was
attached near the sample on the cold finger, which can measure the actual sample temperature

during the experiments. The cryostat structure is shown in Fig. 4.7.
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4.3 Laser processing

In this section, the procedures to make Fabry-Perot broad area laser diodes will be discussed

in detail. (The laser stripes are 75 pm in width, between 0.3 and 1.5 mm in length).

4.3.1 Photolithography

The samples were first rinsed in acetone, IPA and de-ionized water, blown dry with
compressed nitrogen gas. After that, they were mounted on a Suss Microtec spinner, in which
the samples were held by the vacuum chuck. A few drops of LOR 3B photoresist were applied
on the sample surfaces, and spun at 4000 rpm for 30 seconds, resulting in a thickness of about
400 nm for the photoresist. Then the samples were baked at 180 °C for 2 minutes. Afterwards,
S1805 photoresist was applied on top of the samples and spun for the same speed and time,
baked at 120 °C for 2 minutes. The thickness of S1805 was about 500 nm. A mask with
parallel stripes in 75 um width and 225 pum spacing was used to define the laser geometry.
The samples with photoresists on top were mounted on a Suss Microtec MJB4 mask aligner.
Soft contact mode was used during the exposure, which means the sample and the mask were
in contact, but no additional pressure was added between them. The ultraviolet lamp (260 W)
illuminated the samples for 1.0 second. At last, the samples were developed in MICROPOSIT
MF-CD-26 developer for about 30 seconds and rinsed in de-ionized water. After these

processes, the patterns of the laser stripes were developed on the samples.

4.3.2 Metallization

The samples with photoresist patterns were put into a Moorfield evaporator, together with
cleaned Au and Ti wires into their respective coils. The pressure inside the evaporation
chamber was first reduced to the order of 10 mbar, and the shutter of the samples was closed.
The Ti coil was first heated by gradually increasing the current through it to about 70 A. Once
the pressure inside the chamber became stable, the shutter can be opened, which started the
deposition of Ti. The current can be finely tuned so that the deposition rate was about 1 A/s.
About 20 nm thick Ti needed to be deposited on the sample and then the shutter was closed.
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The current in Ti coil was gradually reduced to 0 and in the Au coil it was increased to around
27 A. The shutter was opened again so that the deposition of Au can start. About 180 nm thick

Au was needed on top of the Ti at a rate of around 2 A’s.

4.3.3 Lift-off

The samples deposited with Ti/Au were dipped into MICROPOSIT 1165 remover for at least
5 minutes. The undercut effect of LOR 3B resist assists the remover to dissolve the resists
quickly. The metal on top of the photoresists should come off the sample automatically,

leaving only metal stripes on the sample surfaces.
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Fig. 4.8 Clean room laser processing steps of (a) LOR 3B deposition, (b) S1085 deposition, (c)
photolithography, (d) developing, (e) Ti evaporation, (f) Au evaporation, (g) lift-off and (h) wet

etching.
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4.3.4 Wet etching

In order to form a waveguide structure, the upper part cladding layer without metal coverage
needs to be etched away. In the case of the 2.0 um thick n+ InAs cladding layer, two-step wet
etching was used. The sample was first dipped in H;PO,4: H,0,: H,O (1: 1: 1) to etch away 1.5
pm thick n+ InAs with an etching rate of about 1.3 pm/min. Then the sample was dipped into
H,SO,4: H,O,: H,O (1: 8: 80) to etch away the rest of the cladding layer and the top fraction
(about 100 nm) of the InAs waveguide with an etching rate of about 1.0 pm/min. After each
step, a profile meter was used to measure how much material had been removed. This two-

step etching technique can help reduce the surface leakage current in the laser diodes [131].

In the case of AlAsSDh top cladding layers, a solution of HCI: H,0,: H,O (1:1:10) was used.
The etching rate can be around 8 pum/min. It is more problematic than the InAs etching,
because of the fast etching rate and quick oxidation of Al on the material surface once
exposed into the air, which can terminate the etching process. To avoid this issue, the etching
of AIAsSb must be done in one dip, though it would be more difficult to control the etching

depth.

4.3.5 Lapping

After etching, the sample was mounted upside down in the slot of a metal chuck with melted
wax on a heated plate. The slot was 200 um in depth. Al,O; powder in 3 um mean size was
mixed with water to create slurry on a glass plate. The sample on the metal chuck was then
lapped on the slurry in an “S”-shaped path for a few minutes. After that, the backside sample
surface was polished in the same way in a slurry with 0.3 pm mean size Al,O; powder. By
heating the chuck on the hot plate again, the thinned sample can be removed from the chuck,
and the remaining wax on the sample was cleaned in boiling n-butyl acetate for 2 minutes.

The sample thickness was reduced to 150-200 um after this process. Lapping is a necessary
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step in laser processing, which ensures high quality end facets when cleaving the samples and

reduces the series resistance of the lasers.

4.3.6 Backside metallization
After lapping, the sample was put back into the evaporator. In the same way, a Ti/Au metal
contact of the same thickness was deposited on the backside of the sample. Backside

metallization can help to make good ohmic contacts between the laser diodes and the headers.

4.3.7 Cleaving and mounting

The sample was cleaved using a knife or a diamond pen into laser chips with several parallel
laser stripes in 0.3 to 1.5 mm length. The chips were then attached to T0-46 header by using
Epotek H20E two part epoxy mixed in the ratio of 1:1, which was cured by baking in the oven

for 2 hours at the temperature of 180 °C.

4.3.8 Wire bonding

An Accelonix TPT HBO5 manual wire bonder was used to connect the top electrical contacts
of the laser chips to the headers with 15 um thick gold wires. The bonder worked in ball
bonding mode, in which a ball-shaped contact was formed between the chip and the wire, and
a fishtail-shaped contact was used between the wire and the header. During the process, the
header with the laser chip was mounted on a heated plate set at 100 °C. 150 and 450 Watt
ultrasonic powers were generated when forming the contacts on the chip and on the header
respectively. A microscopic picture of a laser chip on a T0-46 header after wire bonding is

shown in Fig. 4.9 below.
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Fig. 4.9 Microscopic picture of a laser chip on a T0-46 header and wire bonded to it.

4.4 Device characterization

The electrical properties of the devices can be characterized from the current-voltage
measurement set-up. The electrical luminescence can be measured by the EL set-up. The

multimodal spectra of the lasers can be measured from FTIR spectroscopy.

4.4.1 Current-voltage measurement

Current-voltage (I-V) characteristics of the devices were obtained using a Keithley 2400-LV
SourceMeter (C) interfaced to a Labview program. The computer software allowed an
increasing voltage to be passed across the device in small steps and at the same time the
corresponding current was recorded. An upper current limit can be set to avoid damage to the

device.

87



4.4.2 Electro-luminescence
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Fig. 4.10 Schematic drawing of the EL measurement set-up. Red lines: EL emission optical path;
yellow lines: electrical excitation signal flow; purple lines: detected signal flow; dashed back lines:
electronic control signal flow.

Electroluminescence (EL) measurement can be carried out by modifying the PL measurement
set-up. The Ar laser excitation was replaced by the electrical output from an Agilent 8114A
pulse generator. Before going to the devices, the electrical pulses first passed through a 10 Q
resistor, through which the exact current was measured by an oscilloscope. The reference
signal for the lock-in amplifier was also from the pulse generator. Fig. 4.10 sketches the EL
set-up, which is the same as in the PL set-up, the output power cannot be measured directly in

this experiment, but the integrated EL intensity is proportional to the emitted power.

4.4.3 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) can obtain an infrared spectrum of absorption,
emission, Raman scattering, etc. from a solid, liquid or gas sample. An FTIR spectrometer
simultaneously collects spectral data in a wide spectral range. This confers a significant
advantage over a dispersive spectrometer which measures intensity over a narrow range of

wavelengths at a time.
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4.4.3.1 Working principles

The mechanism of FTIR spectroscopy is based on the Michelson interferometer. The structure
of a Michelson interferometer is sketched in Fig. 4.11. Broadband infrared light originates
from the light source L, and impinges upon a beam splitter BS. The BS transmits 50% of the
light to the mirror M2 and reflects the other 50% light to the mirror M1. The light reflected off
the two mirrors is passed/reflected by the BS again, and the two beams (E1 and E2)
recombine on the other side of the BS. Finally the recombined beam hits onto the detector D.
In FTIR spectroscopy, one mirror (M1) is held in a fixed position relative to the BS during the

measurement. The other mirror (M2) scans back and forth relative to the BS.
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Fig. 4.11 The Michelson interferometer: L is the light source, BS is the beam splitter D is the
photo detector and M are mirrors [132].

At each position of the moving mirror, the detector collects the interfered light of the two
beams for the whole wavelength range. The interference is dependent on the optical path
difference of the two light beams, which is determined by the position of the moving mirror.
So the intensity registered at the detector is a function of the moving mirror positon. This
relation can be translated through a Fourier transform to extract the spectrum of the light

source.
4.4.3.2 Rapid scan

In the rapid scan mode, the moving mirror scans forward and backward in a rapid continuous

fashion. At the same time, a Helium-Neon (HeNe) laser beam travels in the exact same optical
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path as the infrared light source, before it finally hits the detector. The monochromatic light
from the HeNe laser results in constant frequency and constant amplitude interferogram as the
mirror moves at a constant speed. This signal generates electronic “counts” which triggers the
detector to digitize the detected infrared light intensity. Although in rapid scan mode, the
mirror moves in a continuous fashion, the stored infrared interferogram is actually a digital

point-by-point plot of detector intensity against the mirror position.

4.4.3.3 Step scan

In the step scan mode, the moving mirror is stepped to a fixed position and held there when
the detector is collecting the signal. Then the mirror is stepped to the next position and the
measurement is repeated. The resolution is determined by the distance between steps. In order
to improve the signal to noise ratio (SNR), one can co-add time slices “in-step”, that is, the
moving mirror continues to remain at the given position, while the light source was triggered

for a number of times and the detected signal is averaged before being stored.

4.4.3.4 Emission measurement

A Vertex 70 FTIR set-up from Bruker was used in our experiments to measure the emission
spectra form lasers and LEDs. Both rapid scan and step scan can be used. The set-up for rapid
scan measurements is illustrated in Fig. 4. 12. The tested device was cooled in the liquid
helium cryostat in the same way as for PL/EL measurements. The emitted light was collected
through two lenses and a concave mirror before going into the FTIR system. An InSbh detector
was used for the mid-infrared spectral range. The same set-up of the electrical excitation as in
EL measurement was used. Typical pulse frequency was set as 30 KHz. The scanning
frequency of the FTIR system must be at least twice lower than the excitation pulse frequency,
and was typically set at 10 KHz. In order to improve the SNR, more than 8 times of scans
were repeated for one measurement. Unlike the aforementioned PL/EL measurement using a

monochromator, the resolution of FTIR spectroscopy is not limited by diffraction. The highest
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resolution of the FTIR system was 0.5 cm™, corresponding to 0.45 nm at 3 pm wavelength,

which is significantly higher than in PL/EL measurements.
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Fig. 4.12 Rapid scan FTIR spectroscopy of emission from lasers or LEDs. Red lines: optical path
of the emitted light; yellow lines: electrical excitation signal flow; blue line: detected signal flow.

Using step scan instead of rapid scan can boost the SNR and increase the sensitivity to detect
weak signals (e.g. below threshold emission from the end facet of a laser). The set-up needs to
be modified, and is sketched in Fig.4. 13 below. At each mirror position, the detected signal
was first sent to the lock-in amplifier, which was synchronized with the pulse generator. The
amplified signal was then sent back to the FTIR system. During the measurement, the
stabilization delay time, which was the time difference between each mirror step, was
typically set to be 600 ms. The number of co-added counts needed to exceed 20 to achieve
both high SNR and high sensitivity. The high resolution in step scan is the same as in rapid
scan (0.5 cm™). The advantages of step scan compared with rapid scan are obtained at the cost

of the time. Typically, a high resolution step scan can take 20 minutes or even longer.
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Fig. 4.13 Step scan FTIR spectroscopy of emission from lasers or LEDs. Red lines: optical path of
the emitted light; yellow lines: electrical excitation signal flow; blue line: detected signal flow.
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5. Metamorphic integration of InSb quantum dots on GaAs

substrates

5.1 Introduction

In previous chapters, we have shown the growth of type Il InSb/InAs QDs by using molecular
beam epitaxy (MBE) [95]. PL of the QDs between 3 and 4 pum has been obtained up to room
temperature [133]. In addition, room temperature InSb QD light emitting diodes (LEDSs)
grown onto InAs substrates have been demonstrated [90]. These QD PL and LED samples
were all grown on InAs substrates. Integrating the InSb QDs onto GaAs substrates would
provide access to the mid-infrared spectral range, using a more convenient and inexpensive
substrate with associated mature processing technology, opening up new possibilities for

device applications.

In this chapter, we investigated and compared the use of different buffer layer designs to
accommodate the lattice mismatch between InAs and GaAs and then evaluated the properties
of the InSb QDs grown on the resulting InAs metamorphic buffer layer in each case. High
resolution X-ray diffraction (XRD) and cross-sectional transmission electron microscopy
(TEM) techniques were used to study the strain, interfaces and the dislocations in all the
grown samples. The optical properties of both the buffer layers and the QDs were examined
using PL spectroscopy and were compared with QDs grown onto homo-epitaxial InAs.
Subsequently, electroluminescence (EL) from the InSh QDs on GaAs was examined from p-i-

n diodes fabricated containing 10 layers of InSb QDs in the active region.

5.2 Metamorphic growth techniques

To deposit the InSb/InAs QDs on GaAs substrates, one must first accommodate the large

lattice mismatch between InAs and GaAs (Aa/ag = 7.2%). Depending on the growth conditions,
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during the initial stages of InAs deposition on GaAs either self-assembled islands or 2D films
can be formed [134][135]. Experimental work has shown that during MBE growth the strain
becomes fully relaxed after 7 nm of InAs being deposited under indium rich conditions [136].
Consequently, a high density of threading dislocations can be expected to appear in the
epilayer, which serves as the major strain relief mechanism [137]. Previous studies of thick
InAs epilayers on GaAs substrates have revealed that the structural and transport properties of
InAs are dependent on the substrate temperature during the MBE growth [138]. However,
thick buffer layers are often undesirable and besides direct metamorphic growth, other
techniques can also be used for the growth of highly lattice-mismatched materials by MBE.
For example, the epitaxial growth of GaSb on GaAs substrates has been demonstrated by
inserting AlSb interlayers with different thickness and surface treatments [139], such that a
1.2 nm thick AISb interlayer can give the smallest roughness and best interface quality [140].
Another approach is to intentionally form an interfacial misfit (IMF) dislocation array with
large lattice mismatch, in which the strain energy is released through the laterally propagating
dislocations (90° misfit dislocations) localized at the interface [141], rather than by the
threading dislocations which propagate up through the epilayer. The IMF technique has been
demonstrated using MBE in a range of material systems including, GaSh/GaAs, InP/GaAs,

InAs/GaAs, GaP/Si and AISb/Si, with the lattice mismatch ranging from 0.4% to 13% [142].
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Fig. 5.1 Schematic diagrams of the three QDs samples grown on GaAs substrates. (a): Sample (A),
10 layers of QDs deposited on top of 3 pum thick InAs buffer layer grown directly on GaAs
substrate. (b): Sample (B), 10 layers of QDs deposited on top of 0.5 um thick InAs buffer layer
with AISb interlayer on GaAs substrate. (¢c) Sample (C), 10 layers of QDs deposited on top of 0.5
pm thick InAs buffer layer with GaSb interlayer on GaAs substrate. All samples are capped with
200 nm InAs.

As shown in Fig. 5.1, three different metamorphic buffer layers were used for the growth of
InAs on GaAs substrates before the start of the InSb QD growth. In sample (A), a 3 um thick
InAs buffer layer was grown directly on GaAs. In sample (B), an AlSb interlayer was first
deposited on the GaAs, followed by a 0.5 um thick InAs buffer layer. In sample (C), a thin
GaSb layer was grown on the GaAs substrate using the IMF technique, followed by a 0.5 um
thick InAs buffer layer. In all three samples, ten layers of InSb QDs were grown on top of the
respective InAs buffer layers using the same growth parameters. The InSb QD growth
originates from an Sh-to-As anion exchange reaction [94]. For all the present samples, 0.8
monolayer of InSb was deposited during the growth of each QD layer. The InAs spacer
between QD layers was set to be 20 nm and the samples were each capped with a 200 nm
layer of InAs. In each case, at the beginning of the growth, a 15 nm thick GaAs layer was first
deposited to smooth the substrate surface. The InAs buffer layers were all grown at 550 °C.
The AISb interlayer in sample (B) and the GaSb interlayers in sample (C) were deposited at
620 °C and 600 °C respectively. The substrate temperature was reduced to 490 °C for the

growth of QDs layers and the InAs spacers in all samples.
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5.3 TEM observations

Cross-sectional dark field TEM images were taken for all the three samples in order to
investigate the interface structure and dislocation density. Fig. 5.2a shows the cross-sectional
TEM image of sample (A), where the inset shows details of the InSb QD region. As expected,
a large density of threading dislocations nucleated at the interface between the GaAs and the
InAs buffer layer, after which the threading dislocation density becomes reduced with
increasing InAs thickness. It is clear from the TEM picture that, after 3 um thick InAs growth,
the dislocation density becomes much lower than at the interface. Although QD layers can be
used for dislocation filtering [143], in our case threading dislocations were seen to penetrate
through several layers of QDs, as shown in the inset of Fig. 5.2a, which is perhaps because of
the sub-monolayer thickness of our InSb QDs. In fact it may be noticed that the first few QD
layers actually result in the formation of some additional dislocations. For the exchange
growth of InSb QDs, the indium cell temperature needs to be reduced in order to lower the
indium flux. During the growth of the first few QD layers, the temperature may not have fully
stabilized. The spacing between the adjacent QD layers at the bottom is a little larger
compared with the spacing between the top QD layers, consistent with a higher indium cell

temperature which results in a higher InAs deposition rate.
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Fig. 5.2 Cross-section, dark field 002 TEM images of (a): sample (A), (b): sample (B) and (c):
sample (C). The inset in (a) is a high magnification TEM image of the InSb QD region in sample
(A). The insets in (b) and (c) show the details of the AISb and GaSb interlayers in these two
samples respectively.
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Figs. 5.2b and 5.2c show the cross-section TEM images of sample (B) and sample (C)
respectively, with the insets giving details of the interlayers. From Fig. 5.2b the IMF periods
are visible at the AISb/GaAs interface, with a measured period of about 5.7 nm. A smooth
surface can be formed at the top of the AISb interlayer and there is no large density of
dislocations observed within the AISb region from the TEM image. Under these growth
conditions, self-organized trenches with non-uniform spacing were automatically formed in
the AISb layer, with a 55° {111} side wall angle to the substrate surface, as specified by the
red arrows in Fig. 5.2b. In sample (C), the IMF features at the GaSh/GaAs interface with a
measured period of about 5.9 nm can also be observed. The IMF periods in both samples are
very close to those reported earlier [144][145]. Unlike sample (B), a continuous GaSh layer
can be formed on GaAs and the density of dislocations can be effectively reduced within the
GaSb layer. However, when depositing the InAs buffer on top of either AISb or GaSb, new
dislocations are once again generated, as shown in figures 5.2(b) and 5.2(c). The TEM images
also indicate that the dislocation densities both near the interface and in the QD region are
very similar between samples (B) and (C). From these two TEM images we cannot reliably
determine which interlayer is more helpful in suppressing the threading dislocations. However,
when comparing images in Figs. 5.2a, 5.2b and 5.2c, the lowest density of dislocations in the
QD region still occurs in sample (A). The dislocation densities at different parts of the
samples were estimated by counting the number of dislocation lines. The values obtained in
this way are listed in Table 5.1. In a very similar manner to sample (A), the variation of the
QD layer spacing and additional dislocations arising from the bottom QD layers was also

observed in samples (B) and (C).
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Dislocation density (cm?) | 200nm above GaAs | at QDs region
Sample (A) 3 x10° 4 x10°
Sample (B) 3 x10° 2 x10°
Sample (C) 3 x10° 2 x10°

Table 5.1 Estimation of the density of threading dislocations at different regions of samples (A),
(B) and (C) obtained by counting dislocation lines from the cross-sectional TEM images.

5.4 X-ray diffraction

Fig. 5.3a—c show the ®-20 XRD scan of samples (A), (B) and (C), with the XRD spectrum of
a reference sample of 10 layers of QDs grown on InAs substrate (sample (D)) as shown in Fig.
5.3d. Two major peaks, one from the GaAs substrate and the other from the InAs MBL layer,
both exist in all samples. Although the InAs buffer layers have different thicknesses, the
position of the InAs peak is almost the same in each case, which confirms that the strain
originating at the interface is almost 100% relaxed in all the samples. The w-scans of the InAs
peaks from samples (A), (B) and (C) are also given in Fig. 5.3e. Because of the thick InAs
layer in sample (A), the intensity of the InAs peak in XRD is about five times stronger than
from the other two samples. The measured FWHM of the InAs peak in sample (A) (236
arcsec), is also significantly smaller than that in sample (B) and sample (C) (483 and 416
arcsec respectively). This indicates that the InAs buffer layer in sample (A) has achieved
smaller crystalline mosaicity than the other two samples [146], where the higher density of
threading dislocations can affect the InAs layer growth more seriously. We can also notice
weak fluctuations on both sides of the InAs peak in sample (A), which probably originate
from the QD layers. In a similar manner to multiple quantum wells (MQWSs) [147], the
multiple QD layers in our samples would be expected to give periodic peaks on both sides of
the InAs peak, as the XRD spectrum of sample (D) shows. However, due to the changing
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thickness of InAs spacer layers between the InSb QD layers, such periodic features cannot be

clearly observed from sample (A), and are absent from samples (B) and (C). In sample (C), a

clear peak appears on the left side of the InAs peak which we attribute to the GaSb interlayer.

In sample (B) the AISDb interlayer only results in a wide tail, which is probably because of its

discontinuous nature.
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Fig. 5.3 (a): ®-20 XRD spectrum of sample (A), the expected periodic side peaks from the QD
layers are illustrated by the black curve. (b): ®-20 XRD spectrum of sample (B), the stronger tail
on the left side shoulder of the InAs peak is from the discontinued AlSb interlayer. (¢): ®-20 XRD
spectrum of sample (C), the weaker peak on the left side shoulder of the InAs peak is from the
GasSb interlayer. (d): ®-20 XRD spectrum of sample (D), the side peaks are fitted by a MQW
model (black curve). (e): The m-scans of the InAs peak in samples (A), (B) and (C).

5.5 Photoluminescence

The PL from the InSb QDs grown on top of the InAs MBL can help give an indication about
the quality of the surrounding InAs. Previous work has shown that the density of InSb QDs
grown using the exchange technique on InAs results in a high QD density of ~ 10" cm™ [148].
PL spectra measured from the three samples at 4 K using an excitation laser power of 10
W/cm? are shown in Fig. 5.4, together with the PL spectra from sample (D), which is from the

InSb QDs grown on homoepitaxial InAs under optimized QD growth conditions. In all the
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measured samples, both the dominant peaks from the InSb QDs and the emission from bulk
InAs can be observed. The much higher relative PL intensity from the QDs than from the
InAs in each of the three samples is an indication of successful growth of high density QDs
using all the three metamorphic techniques. The inset of Fig. 5.4 shows the magnified PL
spectra between 2.9 um and 3.3 um of the samples when excited with a lower laser power (1
W/cm?) at 4 K, in which different recombination mechanisms in InAs can be more clearly
revealed. Besides the peak at around 2.98 um (peak 1) from band-to-band transitions, there is
a peak at 3.1 um (peak 2) in all samples except sample (C), which originates from bound
exciton transitions and has been previously observed in the low temperature PL of InAs
epilayers grown on GaAs [149][23]. According to [23], the absence of bound exciton
transitions can be correlated with poor luminescence efficiency of the InAs epilayer, which in
our case indicates the InAs layer in sample (C) is not of equally good quality as in samples (A)
and (B). In addition, another peak near 3.25 um (peak 3) can be observed in the spectrum of
sample (A) only. Its transition energy (382 meV) agrees well with the donor-acceptor pair
(DAP) recombination in InAs grown on GaAs [149][23]. It is still possible that DAP
recombination is also taking place in other samples, but it cannot be clearly resolved since it

lies very close to the much stronger QDs emission in these samples.
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Fig. 5.4 PL spectra of samples (A) (red line), (B) (blue line), (C) (green line) and the reference
sample (D) (yellow line) measured at 4 K using an excitation intensity of 10 W/cm? PL emission
from the InAs matrix is also be observed from all samples. The inset shows magnified spectra of
the InAs emission originating from different recombination mechanisms in all the samples at 4 K
using an excitation intensity of 1 W/cm?.

Comparing the InSb QDs PL spectra between samples (A) and (D), we find that both PL
peaks are approximately Gaussian, originating from the size distribution of the QDs. The QDs
in sample (A) also achieved similar PL peak intensity to that of the QDs grown on
homoepitaxial InAs (sample (D)). The change in PL peak position between these two samples
(from 3.56 um to 3.36 um respectively) results from differences in growth conditions which
affect the dimensions and size distribution of the resulting QDs [93]. The linewidth of the QD
PL peak in sample (A) is 270 nm which is only slightly larger than that of 223 nm in sample
(D). These observations indicate that, (i) the density and size distribution of QDs is very
similar in samples (A) and (D), (ii) although the density of dislocations in the vicinity of the
QDs in sample (A) as seen from TEM images remains high, it has no significant effect on the
PL of the QDs. This is probably not surprising since the QD density is a few orders of
magnitude higher than the dislocation density. As shown in Fig. 5.4 the QDs PL spectra from
samples (B) and (C) both have significantly stronger tails on the longer wavelength side and

the peak positions have shifted to around 3.36 um, even though the QDs were grown under
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nominally the same conditions as sample (A). As demonstrated in [93], the growth conditions
strongly determine the resulting QD size, shape and density. The much thicker InAs buffer
layer in sample (A) can still make a difference to the heat transfer on the sample surface when
the QDs were being grown, making the actual surface temperature slightly different for
sample (A) compared with the other two samples during the QD growth. This can result in a
significant change of PL peak position and intensity, which explains the differences in peak
wavelength between sample (A) and samples (B), (C). The PL peak intensity from sample (B)
is still higher than sample (C), and the PL spectrum tail is weaker. We can suppose that a
higher density of QDs with better size uniformity have been grown in sample (B) than in
sample (C), which also indicates the AISb interlayer is more helpful than the GaSb interlayer
for the subsequent growth of good quality InAs. However, the PL intensities from these two
samples are still weaker than in sample (A). We believe that is because the top of the 0.5 um
thick InAs buffer above the (AISb or GaSb) interlayer growth cannot yet serve as an equally

good pseudo-substrate for growth of high quality InSb QDs under the same growth conditions.
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Fig. 5.5 Integrated QD PL intensities from samples (A), (B) and (C) at different temperatures.
The dotted lines show the exponential fit of PL intensity with temperatures below 60 K, and the
dashed lines show the exponential fit for temperatures above 60 K. The inset shows the relation
between the logarithm of integrated PL intensity from QDs (In(1)) and the reciprocal temperature
(1/T) from which the activation energy can be extracted. The straight lines give the linear fit in

the low 1/T region.
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The QDs PL from samples (A), (B) and (C) can be measured up to 180 K, 170 K and 140 K
respectively. The integrated PL intensities at different temperatures are plotted in Fig. 5.5
which shows that for all the samples investigated the PL quenching with increasing
temperature accelerates significantly above 60 K consistent with thermal escape of confined
holes from the QDs [150][151]. The thermal activation energy can be calculated from an
Arrhenius plot, as shown in the inset of Fig. 5.5. The activation energies of 80 meV, 64 meV
and 62 meV for samples (A), (B) and (C) are approximately in agreement with the heavy hole
confinement energies obtained from k.p modelling . The higher activation energy in sample
(A) corresponds to QDs having deeper hole confinement, which is consistent with a longer
wavelength PL peak emission associated with formation of larger QDs. The difference in
corresponding transition energies for (B) and (C) is also consistent with their reduced thermal

activation energies. Details are given in table 5.2.

QD PL peak
PL peak heavy hole
energy wavelength | FWHM | activation confinement
sample | (meV) (um) (nm) energy (meV) energy (meV)
A 349 3.56 270 80 71
B 369 3.36 255 64 49
C 369 3.36 305 62 47

Table 5.2 Summary of the QD PL emission results and activation energies from samples (A), (B)
and (C).
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5.6 Electroluminescence

EL intensity [a.u.]
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Fig. 5.6 EL spectra from the p-i-n diode structure containing 10 layers of QDs, measured from 10
K to 180 K, with a 20 kHz pulsed current of 1.0 A at 1% duty cycle. The inset illustrates the
structure of the p-i-n diode.

The highest PL intensity was obtained from QDs with a thick InAs buffer (sample (A)) and so
as shown in Fig. 5.6, edge-emitting p-i-n LEDs containing ten layers of QDs in the (i-) active
region were grown by MBE on a p-doped (~2x10% cm™®) GaAs substrate with the direct
metamorphic deposition of InAs (as in (A) above). The intrinsic region was composed of a 4
pum thick InAs layer containing the ten sub-monolayer insertions of InSb QD layers in the
middle, each with a 20 nm spacing. The upper layer consisted of a 2 um thick n-doped
(~2x10" cm®) InAs layer. EL emission was extracted from the 75 pm wide edge of the 1 mm
long ridge structure using 1 A current pulsed excitation (20 kHz, 1% duty cycle). The
measured spectra from 10 K up to 180 K are shown in Fig. 5.6, with the inset illustrating the
diode structure. The highest peak at 3.07 pm at 10 K originates from recombination in the
InAs, while the broader emission at longer wavelengths is from the InSb QDs. Contrary to the

PL results, the EL from the InAs layer is always stronger than the EL from QDs. During the
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EL measurement, higher densities of electron-hole pairs are injected to the sample than in the
PL measurement so that an overflow of carriers into the InAs can occur, resulting in more
overall emission from the InAs. The temperature dependence of integrated EL intensities for
both the InAs and the InSb QDs is illustrated in Fig. 5.7. The EL of the InSb QDs is
insensitive to temperature below ~ 60 K and guenches more slowly than the PL of the InAs,
which is dominated by non-radiative Auger recombination. In EL, the injected carrier density
is much higher than in PL and holes are constantly being provided into the QDs by the applied
electric field. This reduces the net rate of escape of holes out of the QDs and helps to maintain
the EL emission intensity. Consequently, the decay of the InSb QD EL emission is less rapid
with increasing temperature than in PL. These results are in good agreement with our earlier
findings from InSb QD LEDs grown on InAs substrates which exhibited EL at room
temperature with the addition of an AlggGag1ASe 15Sbges electron blocking layer [10]. The EL
from the QDs in the present structures does not persist up to room temperature partly for this

reason.
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Figure 5.7 Temperature dependence of EL intensity from InAs (red squares) and QDs (blue
squares). The straight lines show the exponential fit of the InAs EL from 4 K to 180 K and QDs
EL from 60 K to 180 K.
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5.7 Conclusions

In order to incorporate InSb QDs on GaAs substrates, we have experimented with the direct
metamorphic growth of a thick InAs buffer layer, and the insertion of AISb or GaSb
interlayers with thinner InAs buffer layers, to accommodate the strain caused by the large
lattice mismatch. In all samples, the QDs were grown on top of the resulting InAs buffer
layers. Cross-section TEM images showed that the density of threading dislocations in the
QDs region grown on a thick InAs buffer is lower than in the other two samples grown using
interlayer techniques. The TEM images revealed that IMF misfit arrays are formed at both
AlSb/GaAs and GaSb/GaAs interfaces. In addition, self-assembled trenches can be formed in

the AlSb layer.

The 4 K PL intensity and linewidth from InSh QDs grown with direct metamorphic deposition
of a thick InAs buffer are very close to that of InSb QDs grown homoepitaxially on InAs
substrate, even though the threading dislocation density is still high. This is because the QD
density is a few orders of magnitude higher than the dislocation density. The top surface of the
thick InAs buffer is of a sufficiently good quality to serve as a pseudo-substrate for the QDs
growth, and the carrier recombination within the QDs is not sensitive to the existence of a
high density of threading dislocations due to the carrier confinement. However, as temperature
increases and holes become thermally excited out of the InSb QDs the quality of the
surrounding InAs becomes more significant since non-radiative Shockley-Read-Hall
recombination influences the re-capture rate of holes. Consequently, further optimization of
the MBL layer would be beneficial in achieving room temperature mid-infrared EL from InSb
QDs in InAs grown on GaAs substrates. The XRD measurements confirmed that the thick
InAs buffer has better crystallinity than the InAs grown on interlayers. In order to reduce the
thickness of the InAs buffer layer, the use of an AISb interlayer appears to be a better choice

than the GaSb interlayer. Finally, prototype p-i-n diodes containing InSbh QDs were made

108



using direct growth of a thick InAs buffer, and mid-infrared EL at 3.6 um was obtained from

InSb QDs in non-optimized edge emitting LED structures up to 180 K.
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6. Properties of InSb quantum dots

6.1 Introduction

In this chapter, the QD PL characteristics are discussed in more detail. With the help of the
STEM images and the calculation of transition energies using COMSOL multiphysics, the PL
spectra were used to interpret the size and composition of the QDs. The dot-to-dot carrier
transfer was linked to the temperature dependence of PL peak positions and compared with
the COMSOL calculation results. Modification of the QD structure by growing on InP

substrate is also presented.

6.2 QD size and composition

From the TEM images in Figs. 3.9 and 5.2, we can only see the InSh QD layers. Due to their
extremely small size and resolution limit, the exact size and geometry of individual QDs
cannot be determined from these pictures. Bright field scanning transmission electron
microscopy (STEM) was used to focus on one single QD. The image is shown in Fig. 6.1, in
which the red colour represents the concentration of Sb. Previous 6x6 k.p calculations for this
type of QDs suggested that the emission wavelengths were not sensitive to the exact shape of
the QDs [98]. So it was approximated that the QD is in a a conical shape, 2.5-3 nm in base
radius and 2-3 nm in height. However, this STEM image cannot give indication about the
composition of the QD, nor whether the material is uniform within such a small structure. The
Sb segregation in the QD layer and in the InAs spacer regions between layers can also be

observed.
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Fig. 6.1 Bright field STEM image, magnification 2MX, obtained from Sheffield University. The
picture shows an individual sub-monolayer InSb QD in cross-section using an inverted false
colour map, where the red colour represents the concentration of Sh.

From previous chapters, the peak emission wavelength of the InSb QDs typically falls
between 3.2 and 3.8 um at low temperature, corresponding to transition energies between
0.326 and 0.388 eV. The dependence of pure InSb QD transition energies on the radius and
height of the QDs at 4 K were calculated using COMSOL multiphysics, and plotted in Fig.
6.2a. The values of band gap, electron affinity and electron/hole effective mass were taken

from [18].
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Fig. 6.2 (a) Calculated transition energy of InSb QD as a function of the QD height for different

radius values at 4 K. (b) Calculated transition energy of InAs,Sbh,, QD as a function of As
composition at 4 K, where the QD size is fixed at 3 nm base radius and 2 nm height.

The transition energy exhibited strong dependence on the QD size. For example, with a fixed

radius of 2 nm, the 0.5 nm change in QD height (from 1.5 nm to 2 nm) resulted in about 70
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meV difference in transition energy. The COMSOL calculation solves the Schrodinger
equation in 3D space with predefined band offsets and carrier effective masses, without taking
into account any strain effect, band-bending or Coulomb forces. Although it is a much simpler
estimation than the k.p calculations, the values obtained here are in fact in good agreement
with the results from 6x6 k.p calculations [98], in which the radius of the QDs were fixed at
1.25 nm in the simulation. Assuming the QD was composed of pure InSb, it was found from
both k.p modelling from [98] and COMSOL calculation from Fig.6.2a that, to achieve a
typical transition energy of 0.35 eV, the QD height needed to be about 1.0 nm and radius
1.25-1.5 nm. This calculated size cannot agree with the observations from Fig. 6.1. The most
possible reason for this disagreement is that instead of pure InSh, the QDs may contain a
larger proportion of As. By fixing the QD size according to Fig. 6.1 (3 nm in base radius and
2.5 nm in height), the transition energy dependence on the composition of As was also
calculated by the same method in COMSOL and plotted in Fig. 6.2b. To obtain the 0.35 eV
transition energy, the QD composition would be close to InAsysShy4. In this case, the band
alignment maintains to be type Il, but is no longer broken band alignment as for pure InSb
QDs. It needs to be noted that one STEM image cannot represent all of the QDs in the
structure. And it is most likely that there are deviations in both QD size and composition. So
both QDs with pure InSb in an extremely small size or larger QDs with more As in the

composition can exist in the same sample.

6.3 Energy states

In type Il InSb QDs, only holes are confined within the QDs. From the study of PL and EL
spectra alone, we still cannot obtain directly how many quantized states exist in this kind of
QDs. By using the same COMSOL calculation, assuming the size of 3 nm base radius and 2.5
nm height and composition as InAsyeShg 4, it was found that only the ground heavy hole

(GHH) state was confined within the QD, with a confinement energy of about 60 meV. The
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heavy hole excited states and light hole energy states were in the continuum out of the QDs,
which implies there should be no hidden multiple peaks within the PL spectra, and the width
of the PL peak then corresponds to the size distribution of the QDs. From the GHH wave
function distribution, we can also calculate the hole confinement factor in the QD to be 64%.
The energy states calculations for pure InSb in a smaller size were performed using 6x6 k.p
method [98], which also indicated in that case there was only the GHH state confined within

the QDs. In that case, the confinement factor was about 60%.

-6.0 -
InAs; ¢Sb, ,
5 -6.2 — InAs InAs
2
)
5 -6.4
{4
w
66 200meV || ... ...
60 mev -4
-GAB_’II|IT]|YIIIIIII[I’I'I
-10 -5 0 5 10
Length [nm]
(a) (b)

Fig. 6.3 (a) Simulated GHH state wave function probability distribution in a single InAsqSbg4
QD assuming a conical shape. (b) Conduction (blue) and valence (red) bands of the InAsySbg 4
QD, the dotted red line signifies the calculated position of the GHH state.

6.4 Temperature dependent PL

The temperature dependent PL spectra of several QD samples were measured. The examples
of PL spectra measured at 4 K, 40 K and 80 K from one of the QDs samples are presented in
Fig. 6.4a. It was first expected that the PL peak would move to longer wavelengths due to
band gap shrinkage with increasing temperature. However, it was observed that the PL spectra
from our QDs typically had a slight blue shift followed by a significant red shift when the
temperature was increased. The PL peak dependence on temperature is shown in Fig. 6.4b, in
which at around 40 K, the PL peak reached the shortest wavelength. This characteristic was
also reported by Lyublinskaya et al. [152], who proposed that it originated from the free

transfer of carriers between QDs. The explanation is illustrated in Fig. 6.4c. In their work, the
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QDs showed a Gaussian distribution in lateral size, resulting in a corresponding Gaussian
distribution in the density of states. The carrier distribution within the QDs should follow the
temperature dependent Fermi-Dirac function if the movement of holes between QDs is not

inhibited, so that the PL shape q(E) would be decided by the product of these two functions:

exp {—[(E - EO)/\/EW]Z} (6.1)
1+ exp[(E — Er)/kT]

q(E)~

where E is the photon energy, E, and w the peak position and width of the Gaussian function,
and Er the quasi Fermi energy in the Fermi-Dirac function which is dependent on the
excited/injected carrier densities, T the temperature and k the Boltzmann constant. Assuming
the QDs grown in our work also have Gaussian size distribution as in [152], this equation can
be applied to estimate the PL peak positions at different temperatures, which makes a good fit

to the measured data of PL peak shift (blue curve in Fig. 6.4b).
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Fig. 6.4 (a) Normalized QD PL spectra measured at 4 K (red curve), 40 K(blue curve) and 80 K
(green curve). The dotted lines signify the PL peak positions. (b) (Red dots) measured PL peak
wavelengths at different temperatures. The data was fitted by the proposed model (blue curve).
The inset magnifies the 0-60 K region, showing the slight blue shift below 40 K, and large red
shift above 40 K. The dotted line is only for guidance. (c) Product (bold line) of Fermi-Dirac
(dashes) and Gaussian distribution (solid line) functions at different temperatures [152].

Type 1l nanostructures typically have longer radiative lifetime due to the spatial separation of
electrons and holes [153], making the carrier relaxation before recombination very probable.
There are two possible mechanisms that can contribute to the free movement of carriers
between QDs. Firstly, the holes trapped in the QDs can be thermally excited out and re-

trapped by adjacent QDs. Secondly, the tunneling probability of confined holes will increase
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with decreasing distance between adjacent QDs. The thermal excitation of carriers out of QDs
has been examined in Chapter 5, where it was indicated that this effect only became
significant when the thermal energy exceeded the offset between InAs valence band and the
hole energy level (i.e. T > 50 K). So at lower temperatures, the migration of holes between
QDs has to mainly rely on the tunneling effect. With a high QD density of ~10* cm, the
average distance between adjacent QDs is no larger than 4 nm, making the tunneling process

very likely to happen.

6.5 QD structure modification.

In Chapter 5, we identified the thermal excitation of holes out of the QDs as a major loss
mechanism at higher temperatures. One method to reduce the thermal leakage is to insert a
blocking barrier using a material with a higher valence band offset between the QDs. A
modified InAsSbh QD structure was designed on InP substrate with an InAsg gsPo .35 Step buffer
layer and Ingg4Gag 16AS barrier layers, as shown in Fig. 6.5a. This structure also provides the
potential for integration of mid-infrared QD light sources with the more mature InP based
devices and structures, offering a wide range of application possibilities. The metamorphic
layer of InAsq5Pg35 on INP was grown in the Walter Schottky institute. The INASqsPo.35 and
Ing 54Gag 16AS are almost lattice matched, so the Ingg.Gag16AS barrier can be assumed to be
totally unstrained. During the growth of the QDs, a very thin (<1 nm) layer of InAs was first
deposited on Ingg4Gag 16AS to enable the exchange reaction for the QD formation. The same
method as on InAs was used to grow the QDs. After the deposition of InSb, 4 nm thick InAs
was deposited to cover the QDs, although a large part of it might fill into the space between
QDs, forming a dot-in-well (DWELL) structure. 4 periods of DWELL layers were grown with
20 nm Ingg4Gap16AS Spacer layers in between. The valence and conduction band alignments
are sketched in Fig. 6.5b, along with the band gaps of InP, INASqsPo35 and 1ngg4Gag 16AS.
Assuming the QDs have the same composition as grown on the InAs substrate (INASgSbo.4),

the valence band offset becomes increased from ~200 meV in Fig. 6.3b to 280 meV. Due to
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the strain effect, the conduction band of the InAs well is almost the same as the Ingg:Gag 16AS
layer (~15 meV higher). The details of the valence band in the DWELL structure are shown in
Fig. 6.5c. From COMSOL calculations, same as in the QDs on InAs, only GHH state (solid
black line) is confined within the QD. The InAs QW provides two heavy hole energy levels
(dashed green lines) and one light hole energy level (dashed purple line) within the DWELL

structure.
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Fig. 6.5 (a) Illustration of the DWELL sample grown on InP substrate. (b) Sketch of the
conduction (blue line) and valence (red line) band diagrams of the DWELL structure. The band
gaps of InP, InAsqesPo35 and Ingg,Gag 16AS are also presented. (c) Valence band alignment in the
DWELL, along with the calculated QD energy state (black line),confined HH energy levels
(dashed green lines) and LH energy level (dashed pink line). The values of band offsets and
energy differences are also presented in the picture.

Power dependent and temperature dependent PL measurements were performed on the above
DWELL sample. The results are shown in Fig. 6.6a below. At 4 K, the PL peak from the QDs
was positioned at around 2.7 um. This is significantly shorter wavelength compared with the
typical QDs grown on InAs. One reason for this is the deeper hole confinement of the
IngssGag16AS barrier layers. But the COMSOL calculations also suggested that the QDs
grown on Ingg4Gag 16AS needed to be smaller in size (1.6 nm height, 3 nm base radius) so as to
have the emission at this wavelength. In order to obtain emission at longer wavelengths in this
structure the QDs need to be grown larger in size, which probably can be achieved by
reducing the substrate temperature during the growth [93]. In the same way as for the QDs
grown on InAs, with increasing laser power, a slight blue shift of the PL peak was observed.
(The small dip at ~2.7 um most likely originates from water vapour absorption in the optical
path during the measurements). Another peak at around 2.27 um was also detected, which
originated from the Ing g4Gag 16AS barrier layers. From the power dependent PL spectra at 4 K,

broad emission between 2.3 and 2.5 um can be observed, which is most likely from the energy
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levels in the QWs. Though it’s very difficult to divide it into multiple peaks corresponding to
the QW energy levels shown in Fig. 6.5¢. The ratios of the PL intensities between peaks A
from the barrier, B from the InAs QW and C from the QD in the QW (marked as A, B and C
in the picture) are plotted in Fig. 6.6b. With increasing excitation laser power, the A/C ratio
increased slightly, which is most probably due to the filling-up of the DWELLSs. Similar effect
has also been observed in the same type of QDs grown on InAs substrates [154]. Interestingly,
the B/C ratio showed a significant decrease. One possible reason is that because of the small
energy difference between the excited HH energy level/LH energy level and the valence band,
carriers are very likely to escape from the QW and recombine in the barrier region. So the

increase of peak B is slower than peaks A or C.
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Fig. 6.6 (a) PL spectra of the DWELL sample measured at 4 K with different excitation laser
powers. (b) PL peak intensity ratios between emissions from the barrier and the QDs (A/C), and
between emissions from the QWs and QDs (B/C).

PL from the QDs can be detected up to RT, when the peak wavelength was shifted to around
3.05 um. The measured spectra at different temperatures are plotted in Fig. 6.7a. The QW
emission almost disappeared at 50 K and 100 K, the reason why is still unclear. For T > 150
K, the QW emission became broadened and can no longer be distinguished from the barrier
emission. The percentage of the PL emission from the QDs at different temperatures is

deduced from this graph and plotted in Fig. 6.7b. For T < 100 K, the QD emission maintained
120



a high percentage (> 90%) of the total PL signal, but for T > 100 K, the percentage drastically
decreased to less than 20% at 300 K. It implies that when temperature is higher than 100 K,
the confined holes in the QDs are very likely to escape and recombine at the energy levels in

the QWSs or in the barrier region, probably due to thermal excitation.
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Fig. 6.7 (a) PL spectra of the DWELL sample measured at different temperatures with the same
excitation laser power (1.0 W). (b) Percentage of the PL from the QDs out of the total PL at
different temperatures.
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Compared with the QDs samples grown on InAs and GaAs, this novel structure shows the
advantage of slower PL quenching with rising temperatures. In previous chapters, we
observed the PL signal decayed much faster for T>60 K due to the thermal excitation of
carriers out of the QDs. In this structure, there was only very slight difference in the
guenching rates between T < 100 K and T > 100 K. This agrees well with the significant drop
of QD PL percentage for T > 100 K plotted in Fig. 6.7. And it is clear from Fig. 6.8 that the
DWELLSs on InP can maintain a much stronger PL signal than the QDs on InAs for T > 100 K.
By using the same method as for QDs grown on GaAs, the excitation energy of the DWELL
structure was extracted from the PL quenching plot (~80 meV), which agreed very well with

the GHH state confinement energy (~87 meV) shown in Fig.6.5c.
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Fig. 6.8 Normalized integrated QDs PL intensities at different temperatures from the sample
grown on InP substrate (blue dots) and the one grown on InAs substrate (red dots). The blue lines
indicate the exponential fit for T < 100 K and T > 100 K regions of the sample on InP. The red
dashed lines indicate the exponential fits for T <60 K and T > 60 K regions of the sample on InAs.

The temperature dependence of PL intensity I1(T) can be approximated as:

I(T) = Ipexp (Tlc) (6.2)
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Where Iy is the intensity at 0 K and T, is the characteristic temperature. Larger value of T,
corresponds to slower quenching of PL with temperature. From the exponential fits in Fig. 6.8,
for the QDs on InAs T, was only 18 K for T > 60 K, and for QDs on InP it was about 32 K for
T > 100 K, indicating slower quenching of the QDs on InP probably due to the help of higher
valence band barriers. To further reduce the hole leakage rate, the Ga composition in the
InGaAs barrier could be increased so as to have even larger valence band offset. The T, in the
lower temperature range for both of the two samples was around 63 K, despite the fact that the
two samples emitted at different wavelengths and had different band alignments. Apart from
the thermal leakage problem, Auger recombination is still one of the possible reasons
contributing to the rest of PL quenching. In bulk InAs material, the band gap Eg is very close
to the split-off band 4s,, making the CHSH process very likely. In both bulk InAs and InSb,
due to the small value of electron effective mass, the CHCC process could also possibly be
strong [155]. For the type Il InAsSb QDs, it is still unclear how strong the Auger
recombination can be, and which process could be dominant. Hydrostatic pressure dependent
measurements can help to quantify how strong the Auger process is in our QD structure [156],
[157], but due to the time limitation, these experiments are not included in this work. The role

of Auger processes in the QD lasers will be further discussed in the following chapter.

6.6 Conclusions

In this chapter, the STEM image indicated that the QDs were typically about 2.5-3 nm in base
radius and 2-3 nm in height. Simulation results implied that the QD composition was probably
close to InAsggShg 40 instead of pure InSh. It was observed that there is a slight blue shift of
PL peak wavelength with increasing temperature for T < 50 K, resulting from the Fermi-Dirac
distribution of holes among QDs through tunneling. The integration of InAsSb QDs layers
onto InP substrates was achieved by using an InAsggsPoss metamorphic buffer layer. The

structure of the QDs was also modified by growing Ingg.Gag 16AS barrier layers on both sides,
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forming a DWELL structure. The QD PL signal was shifted to 2.7 um due to the deeper hole
confinement. The higher valence band offset of Ingg,Gag16AS proved to be very helpful in
reducing the thermal escape of holes which caused the quicker PL quenching at higher

temperature range.

7. InSb quantum dot diode lasers

7.1 Introduction

Despite the rapid progress in QW lasers, especially QCL and ICL for the mid-infrared range
mentioned in previous chapters, there have been relatively few reports of lasing from InSh
QDs. In this chapter, we improved the structure of the laser by implementing a hybrid design
using p-doped InASsq¢:1Sho.13Po2s grown by LPE, and MBE-grown n+ InAs (with two-step n-
doping) as the cladding layers. We obtained lasing at around 3.1 um up to 120 K in pulsed
mode, which is a significant improvement compared with previous results. The gain from the
type 11 QDs and the loss in the waveguide was determined. The details of the laser wavelength

tuning with temperature and injection current were also investigated.

7.2 QD laser structure

The InSb QD laser structures were grown on (100) oriented p-InAs substrates as shown in Fig.
7.1a. A 2 pum thick InAsge:Sho 13Po 26 Cladding layer was deposited by LPE from an indium-
rich melt in ultrapure hydrogen using a conventional horizontal multi-well graphite sliding
boat. Zn was added as the p-type dopant, resulting in a doping concentration of 1x10*® cm?,
The waveguide region containing the InSb QDs and the n+ InAs cladding layer were then
grown upon it in a VG-V80H MBE reactor. In-situ reflection high energy electron diffraction

was used to monitor surface reconstruction. A 0.5 um thick undoped InAs layer was deposited
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on the InAsy g Sho13Po 26 layer first, followed by 10 layers of InSb QDs with a 20 nm thick
InAs spacer between each layer. The growth of InSb/InAs QDs followed the exchange growth
method described in our previous work [8-10], where small sub-monolayer InSbh QDs were
obtained at a high density of ~10" cm™. A further 0.5 pm thick undoped InAs layer was
deposited to complete the active region. We obtained photo-luminescence from the active
region in the range 3.2-3.6 pm depending on InSb thickness and measuring temperature. The
n-type cladding layer (Te-doped) consisted of 0.3 um thick n-InAs on top of the waveguide
with a doping concentration of 1x10*" cm™, followed by 1.7 um thick n+ InAs layer with a
doping concentration of > 1x10" cm?®. Although n+ InAs cladding layers can provide
plasmonic enhancement in some QCL structures, the doping concentration needs to be higher
than 1x10* cm™ [117]. So in our laser structure, surface plasmonics will not happen at the
interface between the n-cladding layer and the waveguide. The LPE grown InAsq ¢:Sbo 13Po.26
has been previously used as the cladding layer for bulk InAs lasers which can operate above
200 K [46]. Because the free carrier absorption in the n+ InAs cladding layer can result in
large waveguide loss, a two-step doping was used to reduce the loss while maintaining the
optical confinement. The fundamental TE mode profile along the growth direction is shown in
Fig. 7.1(b) with the refractive index profile of the constituent parts. The mode profile was
simulated using the photonics and microwave module in COMSOL physics. The wavelength

was set at 3.1 um in the simulation.
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Fig. 7.1 (a) Schematic of the hybrid QD laser structure grown using LPE for the lower part and
MBE for the upper part, (b) The fundamental TE mode profile along the growth direction of the
laser structure (blue curve). The refractive index of different layers in the structure is also
illustrated (red line).

After growth, 75 um wide broad area laser diodes, with varying cavity lengths, were
fabricated by conventional lithography and wet etching. Ti/Au (20 nm/200 nm) metallization
was evaporated on both sides to form the ohmic contacts. The diodes were mounted and wire-

bonded on T0-46 headers.

7.3 Electrical characteristics

Current-voltage measurements at different temperatures of a 0.74-mm-long cavity laser
showed typical p-i-n diode characteristics (Fig. 7.2). The turn-on voltage decreased from 0.34
V at 4 K to 0.10 V at RT. The diode series resistance can be calculated from the slop of the I-
V curve after turn-on. Its value stayed around 2.1 Q with varying temperatures. The reverse
leakage current was kept at a low level (0.5 mA with 0.5 V reverse voltage at 4 K and 4 mA at

RT).
126



— 4K
—— 300K

0.15 —
<
§ 0.10 —
=
©)

0.05 —

0.00 —

I [ I [ [
-04 -0.2 0.0 0.2 04

Voltage [V]

Fig. 7.2 1-V curves of the laser diode at 4 K and 300 K.

7.4 Gain and loss

The Jy, of the laser diodes at 4 K with pulsed excitation (100 ns pulse width, 2 kHz repetition
rate) increased from 1.59 kAcm™ to 4.68 kAcm™ as the cavity length was reduced from 1.17
mm to 0.33 mm. Using the same method as for QW lasers[159], the gain of the InSh/InAs QD

lasers can be estimated from the relation between Jy, and different laser cavity lengths L:

1, (1 (7.1)
Mler a +7in(g)

ni Ny FWGO

Jen =

where n,, is the number of QD layers, Jy, is the transparency current density per layer, #; is the
internal quantum efficiency, a; is the waveguide loss, R is the reflection coefficient of the end
facet, I',Gy is the modal gain in which I, is the optical confinement factor per layer and G is

the material gain coefficient.

Equation 7.1 can be re-written as:
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By making a linear fit between In(Jy) and 1/L, the slope of the fit equals the term in front of

1/L, in which the modal gain (I',Go) can be extracted.

l | | | |
10 15 20 25 30
1/L [em™]

Fig. 7.3 Threshold current density vs reciprocal cavity length of the laser diodes at 4 K. The red
line shows the linear fit between In(J,) and 1/L.

The Jy vs 1/L relation is shown in Fig. 7.3. The estimated modal gain from this plot is 29 cm?,
which means 2.9 cm™ per InSh QDs layer in average since there are 10 layers of QDs in our
laser structure. This value is lower than that for (e.g. InAs) type | QDs emitting in the near
infrared spectral range, which is in the order of 10 cm™ per QD layer [160], but is close to that
found in type Il QW lasers emitting at a similar wavelength [159]. In type Il structures, there
is much larger spatial separation between electrons and holes than in type | structures,
resulting in a smaller electron-hole wave function overlap, which is directly related to the
lower gain per layer. In our InSh/InAs QDs, only the holes are confined within the QDs and
the electrons reside in the InAs matrix. Single band Schrédinger calculations indicate that
only the ground heavy hole (GHH) state is confined within the QDs. The wave function
overlap is estimated to be 36% from the calculation, which is lower than in type | QDs and W-
structures [67], [161]. However, because the QD density is ~10" cm? per layer, an

exceptionally high material gain (Go) of 19 x10* cm™ can be estimated for our type 11 QD,
128



which is in the same range as type | QDs [162]. So despite the smaller electron-hole wave
function overlap, the type Il InSb/InAs QDs can serve as an efficient gain medium for mid-

infrared laser diodes.

The details of the laser spectrum can be revealed by using FTIR spectroscopy. The measured
spectra at 4 K with different current injections are plotted in Fig. 7.4a. Two most
representative groups of modes are circled in this figure. Using the Hakki-Paoli method, the
net gain of these two groups at 4 K can be estimated [163]. The results are plotted in Fig. 7.4b.
With increasing current, the gain of the longer wavelength mode group (red dots) became
saturated ahead of the shorter wavelength mode group (blue dots), which means the longer
wavelength modes can reach threshold with less current injection. This coincides with the free
migration of carriers between QDs with different sizes, which results in the QDs with lower

energy states being occupied first. So the longer wavelength lasing can happen first.
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Fig. 7.4 (a) Multimodal laser spectra measured at 4 K at different current injections. Two
representative groups of modes are circled in red and blue dashed lines. (b) Estimated net gain of
the two groups of modes with changing currents at 4 K.
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From equation 2.59, the external differential quantum efficiency (4) can be measured from
the slope of the laser output power against the drive current. Since only a part of the coherent
light is fed back by the mirrors and retained within the laser, #q4 is less than the internal

guantum efficiency (#,). The relation between the two is [164]:

1 1( ol 1 a; (7.3)
= == — | L=
Na Mo\ n (ﬁ) Mo In (ﬁ) Mo

As stated in previous chapters, in our experiments we cannot measure the absolute power of
the laser emission, thus the value of #q is still unknown, but the measured laser intensity is

proportional to the power. The slope in Fig. 7.5a is also proportional to the 4, S0 we have:

1 _ 1 [k« ) K (7:4)
stope ™" 1 " \mo 1 (1) "
R

where K is a constant. By measuring the slopes of laser diodes with different cavity lengths, a
linear fit can be made between 1/slope and L (1/slope=A+B-L). From the values of the fitted
parameters A and B, one can estimate the waveguide loss:

B (1) (7.5)
R

a; =Zln

131



25 —

20 —

18 —

10—

Intensity [a.u.]

— 1.17 mm
— 0.76 mm
—— 0.40 mm

0 | [ | | |
0.5 1.0 15 20 25 30

Current [A]
(a)

30x10° -
28 —
26 —
24
22—
20 —
18

16—II I I I I

0.04 0.06 0.08 0.10 0.12
Cavity length [cm]
(b)

Fig. 7.5 (a) Intensity vs current plot of laser diodes in different cavity lengths at 4 K. (b) The
relation between 1/slope and the cavity length. The red line is the linear fit.
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loss =15 /cm

The intensity vs cavity length plot is shown in Fig. 7.5a, where the slopes were extracted from,
and plotted in Fig. 7.5b. The estimated waveguide loss was around 15 cm™. Possible
contributions to e; include free carrier absorption and the scattering loss caused by the
relatively rough InAsys:Shg 13Po.26 interface. Since the effective mass of holes is much higher

than electrons in InAs and InAsge1Sbg.13Po.26 resulting in much smaller free carrier absorption
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than n- type materials, even though larger part of the optical mode extends into the p-
INASq61Shg.13Poo6 Cladding in Fig.7.1b, the absorption in the p-region can still be neglected.
this lasing wavelength is very close to the band-to-band absorption of the undoped InAs. So

the absorption loss in the InAs waveguide may possibly be quite significant.

However, it needs to be noted that by using this method to estimate the waveguide loss, it is
assumed that #, stays constant with changing current injections. Adams et al. demonstrated
that in the InAs QD lasers, since most of the QDs are electrically and optically disconnected,
the 5o cannot be constant with increasing current [165], so this method might not be accurate
to determine the waveguide loss. However, in our InSb QDs, we have shown the indication of
dot-to-dot carrier transfer in previous chapters, which means the QDs can be assumed to be

connected. So in our case, we believe this method is still valid to evaluate the waveguide loss.

7.5 Spontaneous emission

The spontaneous electroluminescence (SE) emission spectra from the laser diodes can be
measured when the injected current is below threshold. An interesting phenomenon has been
observed that with increasing current injection, there was a clear blue shift of the SE peak
position. In Fig.7.6a, the SE peak was at 3.236 um with 50 mA current injection, but moved to
3.094 um with 750 mA current injection, corresponding to an energy difference of about 18
meV. The above threshold spectrum at 1.0 A (red curve) is also shown in the graph. The peak
was located on the shorter wavelength side, but was very close to the peak of the SE spectrum
at 750 mA (blue curve). A bump with much weaker intensity than the main peak can also be
observed at around 3.0 pm from the 750 mA curve, which most likely originated from the

InAs emission.
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Fig. 7.6 (a) Comparison of the below threshold emission spectrum at 0.05 A current injection
(green curve) and at 0.75 A current injection (blue curve) with the laser spectrum at 1.0 A current
injection (red curve). The peak intensities of the three spectra have been normalized. (b) Below
threshold spontaneous emission peak wavelength shift with increasing current from a laser diode
measured at 4 K. The threshold current of this laser is around 950 mA.

The SE peak position against the injected current is plotted in Fig. 7.6b. It is obvious that in
the lower current range the rate of the SE peak shift is greater than in the higher current range.
Since in previous chapters we already confirmed that there is only one quantized heavy hole
state in this kind of QDs, one possible reason to explain the SE peak shift is the band-bending
effect caused by the electric field in type Il structures. When the holes occupy the QDs, the
electrons can be attracted closer to them, causing the conduction band to bend into a triangular
shape, as illustrated in Fig. 7.7a. Quantized electron states may occur in the triangle, resulting
in higher recombination energy. Blue shifts caused by band-bending have already been
reported from other kinds of type Il QWSs [166] and QDs [167]. In the case of PL, to calculate
the energy shift due to band-bending, one can start from the relation between the radiative

recombination coefficient B and the absorption coefficient a [166]:

Bn? = alS (7.6)
where L is the thickness of the absorbing layers, S the photon flux, and n the carrier density

which also equals:

n = kVP (7.7)

where k is a constant and P the incident laser power density.
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In a triangular well, the ground state energy is given by:

E, = bF?/3 (7.8)

where b is also a constant and the electric field F can be expressed as:

2 .
F= men (7 9)

ST
where e is the electron charge and &, is the permittivity. By combining equations 6.7-9, we

have:

AEg o P1/3 (7.10)
where AE is the energy shift. In the case of EL, by replacing the incident laser power P with

the injected current I, equation 7.10 can still hold true:

AEg o [1/3 (7.11)
electron\ N
\Q %"' electron
d ] hole
P
] A=2nr? quantum
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Fig. 7.7 (a) Hlustration of the band-bending effects caused by the electric field in type Il
nanostructures. (b) Sketch of the simple capacitor model for a QD.

Another possible reason that can cause the blue shift of SE peak is the charging of QDs. In
type Il structures, since electrons and holes are more spatially separated, the repulsive

Coulomb force between carriers of the same type (the injected holes in our case) is much
135



greater than the attractive Coulomb force between electrons and holes [168]. In a similar
manner to other type Il structures [169], the strong interaction between the two holes in GHH
state in one InSb/InAs QD can increase the hole energy levels, resulting in a blue shift of the
SE peak. For simplicity, a single QD can be modelled as a cylindrical capacitor as sketched in

Fig. 7.7b. The capacitance C can be expressed as:

Ag, (7.12)

where A is the plate area, d the distance between the positive and negative plates and &, the
permittivity. By placing more than one confined carrier (hole) into a QD, the capacitive
charging energy needs to be taken into account. The energy difference caused by charging can

be estimated as:

AE; = VAQ (7.13)

Since the charge Q is proportional to n, and from the relation in equation 6.7, we can have:

AE; « P (7.14)

For the same reason as in equation 6.10, we can replace P with I:

AE; o VT (7.15)

By taking equation 6.11 into equation 6.12, we can also have the relation:

e2d (7.16)

AE, = ———
€7 2mre,

where e is the electron charge.

Comparing equations 7.11 with 7.15, it can be noticed that the energy shifts caused by these
two mechanisms have different relations with the injected current. The logarithm plot of the

measured SE peak shift against the current is shown in Fig. 7.8 below.
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Fig. 7.8 Logarithm plot of the SE peak shift energy at different injected current. The blue line is a
linear fit between In(AE) and In(I).

The slope of the linear fit (blue line) in this plot is 0.53, which is very close to the case in
equation 7.15. That proves the QD charging effect is the main reason for the shift of the SE
peak. By assuming a QD of 3 nm radius r and 2 nm height, the average distance d between
electrons and holes can be estimated as one third of the height. Taking these values into
equation 7.16, AE¢ is estimated to be 16 meV, which means the charging effect from the
addition of one more holes into one QD can result in an energy shift of about 16 meV. This
value is close to the measured overall SE peak shift of about 13 meV. The difference between
these two values may originate from the simplicity of this model. It indicates one QD can
accommodate only one more hole (two holes in total), which agrees with the simulation
results from previous chapters - that there is only one energy state (the GHH state) in the QDs,

where the two holes occupy the two different spin states of the GHH state.

In addition, it can be observed from Fig. 7.7b that, the SE peak shifted more at lower current
injection range than near threshold range. The smaller trend of the SE peak shift at higher

current injection indicates that before reaching threshold, more and more QD GHH states are
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becoming fully occupied, which also implies that single hole occupation on the GHH state is

not enough to provide sufficient gain to support lasing.

7.6 Non-radiative current
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Fig. 7.9 Output light intensity vs pulsed injection current (100 ns pulse width, 2 kHz repetition
rate) from a 0.68 mm long, 75 pm wide laser at temperatures from 20 K to 120 K.

Fig. 7.9 shows the measured light intensity from one facet of a laser diode with increasing
pulsed excitation currents at different temperatures. Using as short as 100ns pulse width at 2
kHz, the effect of Joule heating can be minimized. The measured T .« Was increased from 60
K in previous work to 120 K. Jy, of this laser diode can be derived from the curves in this
figure and is plotted in Fig. 7.10. When the temperature was below 50 K, the characteristic
temperature T, was calculated to be 101 K. For the temperature range between 50 K and 120
K, the value of T, dropped to 48 K. Possible reasons for the increase of J, and decrease of T,
include the leakage current, Auger recombination and SRH recombination. In this laser
structure, the injected electrons are very likely to escape the active region into the p-doped
INAs61Sbo.13P0.26 Cladding layer because of i) the small effective mass of electrons compared

with holes, ii) the shallow conduction band offset between InAs waveguide and InAsSbP
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cladding layer (~50 meV), iii) the lack of electron confinement in the type Il QDs. The
leakage of holes can probably be very significant because in this structure there is no valence
band barrier in the n-cladding, which is the same material as the waveguide region (InAs).

The leakage current caused by electrons can be expressed as [170]:

_ qDnNp (7.17)
Ju=—"—"7"""<
L,tanh (W/L )
n
and for the leakage current caused by holes:
_ qDyp by (7.18)
]p - ’
Lytanh (W /Lp)

where ¢ is the electron charge, w and w’ are the thicknesses of p- and n- cladding layers (2

um), Dy is the diffusion coefficient for electrons or holes, which can be expressed as:

_ kTu (7.19)
q

D

where k is the Boltzmann constant, T is the absolute temperature and [ is the electron/hole
mobility. In equations 7.17 and 7.18, L is the diffusion length, which can be calculated

from:

L=+Dt (7.20)
where 7 is the carrier lifetime. For simplicity, the value is set at the constant value of 3 ns for
both electrons and holes. N, and P, are the concentration of electrons/holes into the p-/n-

cladding layers, which can be derived from:

—O6N (7.21)
Np = Nccexp <_kT )
and
—&P (7.22)
B, = Nycexp (_kT )
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where Ncc and Nyc are the effective density of states in the conduction and valence band, N

and 6P are the conduction and valence band offsets.

The total leakage current density Jieax would be:

Jieak = Jni +]pl (7.23)

The electron/hole leakage problems are illustrated in Fig. 7.10.
In bulk semiconductor lasers, the total current density J,,: can be written as [171]:

Jeot = Jieak + €desr(An + Bn® + Cn) (7.24)
Where the terms An, Bn? and Cn® represent SRH, radiative and Auger recombination, n is the
threshold carrier density and des is the effective width of the active region. For our QD laser,
the radiative coefficient B has not yet been decided, but as stated in previous chapters, the
ideal QDs have temperature independent radiative current density. So equation 7.24 can be re-

written as:

Jtot(T) = Jieak + Jraa + edeff(An + Cn3) (7.25)

where the radiative current density J,4 is at constant value with changing temperatures.

electron leakage 19% O ayers
PR

<—| electron flow

+-
p- InAs InAs InA
InAsSbP NAS
— hole leakage
hole flow

Fig. 7.10. lllustration of the band alignments and electron/hole leakage current.
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Until now the Auger coefficient C of the In(As)Sb/InAs QDs is still unknown. For the
purpose of evaluating different non-radiative currents, its value was set the same as the
InAs/InGaSb type Il QWs at similar wavelength (2x102" cm®/s) [172]. For simplicity, SRH
coefficient A was also set as a constant (2.5x10° cm?/s) [170]. The temperature dependence of
n was derived in the same way as in [170], and Ja is from equation 7.23. The calculated
SRH current Jsgy (orange curve), Auger current Jayger (PINk curve) and Jiea (green curve)
were plotted in Fig. 7.11 below. Since the n-InAs cladding layer cannot provide any hole
blockage, the 6P in equation 7.22 was set to be 0. The Ji (black curve) was fitted to the
experimental data Jey, (red dots) by adjusting the value of J..q (blue line). It is obvious that for
T < 40 K, the current for all these three non-radiative mechanisms are negligible compared
with the measured data Jeq,. So the high Jy at low T region can only be attributed to the
radiative recombination. The J,,q Was fixed at 2.5 kA/cm? to make a reasonable fit between
Jiot and Jexp. This rather high value of J,q at low T is most probably caused by the distribution
of QD size and composition, so that only a small fraction of QDs achieve threshold at the
same injection level, and a large part of the radiative current is essentially wasted. Fig. 7.4a
confirms that QD of different sizes give coherent emission at different injection levels, with
the larger QDs (at longer wavelengths, circled in red) being the first to reach threshold. Fig.
7.11 also implies that Jeq is the dominant non-radiative factor for T > 50 K. In fact, according
to this calculation, at 120 K only 17% of the total current was for radiative recombination,
while leakage current consumed 67% of the total current. Within the Jia, the hole leakage is
the dominating factor. Because the n- cladding layer is made of the same material as the
waveguide (InAs). Even though the Jauger increases most drastically with rising temperature, it
will only become larger than J.,q for T > 150 K. At 300 K, the calculated Ji exceeded 100
kA/cm?, which is not practical for laser diodes. In order to improve the T.x and reduce Ji,,
firstly, the Jieak Should be effectively suppressed, probably by inserting hole blocking layers in
the laser structure. Secondly, the J.,q also need to be reduced which can only be achieved by
increasing the modal gain of the QDs.
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Fig. 7.11 Measured threshold current density (red dots) of the 0.68 mm long, 75 pm wide laser at
different temperatures. Calculated J;.,; (green curve), Jsppy (orange curve), J e, (pink curve), J,,4
(blue line) and J,,, (black curve) are also presented.

The value of T, at different temperatures can be interpreted by taking each two adjacent data
points in Fig. 7.11, and the result is plotted in Fig. 7.12, from which we can observe a
significant decline of T, in the 40-60 K range. The upper limit of T, for Jauger was
approximated as To=T/3 [173] and the T, of Jjeq Was derived from the Jeq curve in Fig. 7.11.
Both of the Ty’s are sketched in Fig.7.12. The T, from Je. iS very close to the measured data

for T >80 K, which confirms that J..x becomes the dominating mechanism at high T.
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Fig. 7.12 Temperature dependence of T, of the QD laser (red dots), compared with the T, of
leakage current (green line) and Auger current (pink line). The black curve illustrates the trend of
measured Ty change with temperature.

7.7 Wavelength tuning characteristics

The peak emission wavelength of laser diodes with different cavity lengths varies between
3.02 ym and 3.11 um. The emission spectrum contains multiple longitudinal modes from the
Fabry-Pérot laser cavity. The inset in Fig. 7.13 shows one envelope of the laser spectrum
measured at 4 K. For the same laser diode, the emission spectrum also changed with
temperature at constant current injection. The peak of the laser spectrum shifted to shorter
wavelength with increasing temperature when T < 50 K. For T > 50 K, the peak moved to
longer wavelength as temperature increased, resulting in a U-shaped plot as shown in Fig.
7.13. This behaviour coincided with the trends in the PL wavelength shift observed from the
InSb/InAs QDs in previous chapters and reports. [97] The competition between the carrier
distribution among QDs and band gap narrowing with increasing temperature causes the U-
shaped tuning behaviour of the laser wavelength. It can also be expected that if the laser can

operate with T > 120 K, the emission peak would move to longer wavelengths.
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Fig. 7.13 Peak positions of the laser emission envelope with 8.0 A pulsed current injection
measured at different temperatures. The inset shows the emission spectrum at 4 K.

Using FTIR spectroscopy, the multimodal spectra of the laser emission can also be measured.
Fig. 7.14a gives an example of the detailed spectra of the laser with different pulsed current
injection at 30 K. It was found that by increasing the injected current, each of the cavity
modes shows a slight blue shift. With a pulse with of 100 ns at 2 kHz repetition rate, the
thermal heating effect of the laser cavity caused by increased current can be neglected, and the
shift is due to the carrier induced refractive index change. Fig. 7.14b plots the shift of one of
the strongest modes with changing current measured at 30 K (indicated by the dotted line in
Fig. 7.14a). The trend agrees quite well with the linear fit (solid line in Fig. 7.14b), resulting
in a tuning rate of -1.76 nm/A. This movement is most probably caused by the change of
material refractive index 4n with increased injection of current. The relation between An and
Aiis [174]:

A_n B A_A (7.26)
n A

Assuming an electron mobility of 10* cm*v's™ for InAs with high carrier concentration at
low temperature, the electron density in the waveguide region at 2 A current injection can be

approximated to be 10 ¢cm™. By taking into account the band filling effect, band gap
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narrowing effect and free electron absorption [175], [176], the change of refractive index was
around 3x10® when the current was increased from 2 to 5 A, resulting in a wavelength shift of

2.7 nm according to equation 7.20, which is the same order of magnitude as the measured

wavelength shift of about 5 nm.
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Fig. 7.14 (a) Measured laser spectra with 2.0 A, 2.5 A, 3.0 A, 3.5 A and 4.0A pulsed current
injections at 30 K. The dashed black line highlights the blue shift of one of the longitudinal
modes. (b) The peak position of the chosen mode at different current injections. The straight line
shows the linear fit which gives a tuning rate of -1.76 nm/A.
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7.8 Conclusions

In conclusion, type Il InSb/InAs QD laser diodes emitting at around 3.1 pm have been
demonstrated and characterized. A hybrid structure was used to fabricate the laser by
combining an LPE grown p- InAsge1Sbg.13Po.2s p cladding layer and n+ InAs plasmon cladding
layer which resulted in an improved maximum operating temperature due to better waveguide
design than in previous work and improved cladding layer material quality compared with
AlAsSD. (Tmax Was increased from 60 K to 120 K in pulsed mode). The gain was determined
to be 2.9 cm™ per QD layer and the waveguide loss was ~15 cm™ at 4 K. Below threshold SE
measurements have shown a strong blue shift of the peak wavelength with increasing current,
which is caused by the charging effect of the type Il QDs. It also indicates that the laser
threshold can only be achieved with full occupation of GHH states in the QDs. T, = 101 K
below 50 K but decreased to 48 K at higher temperatures. The drop of T, and increase of J,
with rising temperature are most likely due to the leakage current, especially the leakage of
holes into the n- cladding layer. The radiative current at 4 K is still high, which probably
originates from the size distribution of QDs. Temperature has a significant effect on the
emission wavelength of these lasers, which showed first a blue shift followed by a red shift
with increasing temperature, identical to the PL wavelength shift of the InSb QDs. Each peak
of the modes also shifted slightly with increasing current due to the change of material
refractive index. The modal gain and T, Of the laser can possibly be further improved by
increasing the optical mode overlap with the QDs and by introducing hole blocking layers to

prevent holes escaping from the active region.
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8. Conclusions and outlook

8.1 Progress and achievements

The investigations in this thesis can be divided into two parts. Chapters 5 and 6 focused on the
integration of the InAsSb/InAs QDs onto other material platforms and the study of the QD
properties. Chapter 7 demonstrated the mid infrared QD laser and its characteristics. The

major achievements of this thesis include:

® In(As)Sb/InAs QDs were integrated on GaAs substrates for the first time using different
metamorphic growth techniques. Mid-infrared PL from the QDs achieved similar
intensity and wavelength as for QDs homo-epitaxially grown on InAs substrates. EL
from these QDs on GaAs was also demonstrated up to 180 K.

® Thermal leakage of the confined holes out of the QDs was identified as an important
mechanism for the decay of QDs PL/EL intensity with increasing temperature.

® By combining the experimental results with STEM images and calculations, it was
estimated that due to Sb segregation during growth the As composition in the QDs could
possibly be as high as 60%.

® The QDs were integrated on InP substrates for the first time using a metamorphic buffer
layer. The QDs were sandwiched between InGaAs barriers, forming a DWELL structure
for this type of QDs. In this approach, the exchange growth of the QDs on InGaAs was
also demonstrated. The PL appeared at shorter wavelength but can sustain until 300 K
when intermediate InGaAs barriers are used between the QDs. Due to the higher valence
band offset in this novel QD structure, the thermal leakage problem was less significant.

® Broad area Fabry-Perot QD lasers with an improved structure which incorporated LPE
grown InAsy 61Sbg 13Pg 26 cladding layers were demonstrated operating up to 120 K, which
is a significant improvement compared with previous work (T = 60 K).

® The lasers emitted at around 3.1 um. The charging effect in the type Il QDs in the main

mechanism responsible for the blue shift of the spontaneous emission.
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® The modal gain of the QDs was found to be 2.9 cm™ per layer, and the waveguide loss
was estimated to be around 15 cm™ at 4 K.
® The size distribution of QDs caused the high value of Jy for T < 40 K. At higher
temperature range, carrier leakage into the cladding layers was identified as the most
possible reason for the increase of Jy, with rising temperatures.
The work in Chapter 5 involved the integration of mid infrared InAsSb/InAs QDs on GaAs
substrates. The growth recipe for the QDs had been developed before the start of this project.
However, the QDs had only been grown on InAs substrates. Three different metamorphic
growth approaches were investigated to integrate the QDs on GaAs substrates. One with a
thick InAs buffer layer, the other two with GaSb and AISb interlayers using IMF growth
techniques and thinner InAs buffer layers. The TEM images implied that the density of
threading dislocations in the QDs region reached the order of 108 cm™ for the sample with
thick InAs buffer, and 10° cm™ for the other two samples. Due to their sub-monolayer nature,
these QDs did not show any effect in dislocation filtering. Despite the relatively high
dislocation densities, the QDs in these three samples all showed similar PL spectra as the QDs
grown on InAs. The sample with a thick InAs buffer layer achieved the highest PL intensity.
These three QD samples exhibited a similar PL intensity decay trend with rising temperature.
For T > 60 K, the decay rate clearly became faster than in the lower temperature range. This
was caused by the turn-on of the thermal leakage of confined carriers out of the QDs. EL from
the QDs on GaAs substrate was also demonstrated up to 180 K. In EL, the injected carrier
density was much higher than in PL and holes were constantly being provided into the QDs
by the applied electric field. This could reduce the net rate of escape of holes out of the QDs
and help to maintain the EL emission intensity. Consequently the quenching of EL was less

rapid than PL.

The following chapter discussed the properties of the InAsSb QDs in more detail. From
conventional TEM images, we can only observe layers of the QDs. The size and geometry of

individual dots were revealed by STEM images. The QDs were estimated to be 2.5-3 nm in
149



base radius and 2-3 nm in height. The composition of QDs can only be estimated by
combining the COMSOL simulations with experimental results. Apart from pure InSb QDs,
the calculation indicated that the QDs may contain up to 60% As. The simulation also implied
that there was only one confined state, the ground heavy hole state, in this kind of QD. For the
PL peak wavelength, a slight blue shift was observed with increasing temperature for T < 50
K. It was caused by the re-distribution of holes among QDs, which required the migration of
carriers between adjacent dots. At low temperature, only tunnelling can be the major
migration mechanism. In addition, this chapter also demonstrated the integration of
InAsSb/InAs QDs on InP substrates with InAsyesPoss metamorphic buffer layer and
IngssGag16AS barrier layers. Here the QD PL could be sustained up to 300 K, but the
wavelength shifted to around 2.7 um due to the higher valence band offset of Ingg,Gag16AS
barriers. However, it also resulted in improved PL quenching with increasing temperature due

to the reduced thermal leakage.

Chapter 7 focused on the InAsSh QD lasers using LPE grown InASygSbg13Po2s Cladding
layers and emitting around 3.1 um. The maximum working temperature in pulsed mode was
increased from 60 K in previous work to 120 K, and the Jth was around 1 kA/cm? at 4 K. The
gain was determined to be 2.9 cm™ per QD layer, close to type 1l QW lasers in mid infrared
range. The waveguide loss was about 15 cm™ at 4 K. Absorption loss in the waveguide region
is high due to the fact that the lasing wavelength almost corresponds to the band gap of InAs.
The below threshold spontaneous emission was also measured, and a clear shift from around
3.25 um to 3.08 um of the spectra with increasing current was observed. Two possible
mechanisms for this blue shift, (band bending and charging effects), were examined and the
charging effect turned out to be dominant. Below 50 K the T, was about 101 K, but it
decreased to about 48 K for T > 50 K. Leakage current from the waveguide into the cladding
layers could be the major cause of the increase of Jy and decrease of T, with rising
temperature. The size distribution of QDs is responsible for the high radiative current at low T.

For the same reason as in PL, a blue shift of the laser spectrum was also observed with
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increasing temperature for T < 50 K. The multi-modal peaks from the lasers were measured
using FTIR. There was a slight shift for each group of modes, which was caused by current

induced change of material refractive index.

8.2 Suggestions for future work

The final goal of this project is to realize mid infrared antimonide based QD lasers for use in
gas sensing and related applications. Based on the progresses to date, a lot of work in different
aspects still needs to be done. i) To help reduce the Jth and increase the Tmax of the QD lasers,
different non-radiative recombination mechanisms need to be studied experimentally.
Spontaneous emission from the lasers for both below and above threshold conditions can be
performed, as well as the laser spectral and intensity measurements at different hydrostatic
pressures. ii) For the properties of the InAsSb QDs, in order to confirm their size and
composition, high resolution TEM or STEM images which can clearly distinguish individual
As and Sb atoms need to be obtained. iii) For the growth of the QDs, though the initial results
of growing this kind of QDs on GaAs and InP substrates looked quite promising, the thickness
of the buffer layers on GaAs substrates still needs to be reduced in order to make laser
structures out of that. The threading dislocations may also result in additional leakage current
and optical loss, so the density needs to be substantially reduced. Since the growth of QDs on
InP substrates with Ingg,Gag16AS barriers proved to be successful, this method can be
transplanted to the GaAs platform. Having smaller lattice mismatch with the substrate, it
should also help to reduce the threading dislocation densities. However, by using the InGaAs
barriers, the QD growth recipe needs to be modified so as to maintain the PL/EL wavelength
above 3 um. iv), For the growth of the laser structure, LPE grown cladding layers may not be
the most suitable choice due to the rougher surface and limitations on material compositions.
Novel cladding layer structures such as superlattices will be worth experimenting. From the

studies on mid infrared QW lasers and our previous work on QD LEDs, it has been suggested
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that the incorporation of electron and hole blocking layers into the laser structure can very
effectively boost the device performance. In addition, it will also be helpful to grow more
layers of QDs with thinner spacer layers in between so that the overall gain can be increased.
v) For the diode laser fabrication, narrower laser stripes buried between SiO2 can be made,
which can result in higher injected carrier concentration. The devices can be mounted on heat
sinks instead of TO headers for better heat dissipation. vi), Ideally single mode lasers are
needed for the purpose of gas sensing and so prototype DFB or DBR laser structures need to
be designed and fabricated corresponding to the required target wavelengths. The growth of
QDs and laser structure fabrication both need to be modified so as to meet the required

wavelengths. Finally, gas sensing tests should be carried out with the help of collaborators.
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Index of Figures and Tables

Fig. 1.1 Examples of some gas transmission spectra in the mid-infrared spectral range.

Fig. 1.2 Calculated gain spectra for the GalnAs/InP QD, wire, QW and bulk material at
T =300 K.

Fig. 2.1 lllustration of energy bands in bulk solid materials. The yellow part for
conductor indicates the overlap between conduction and valence bands.

Fig. 2.2 the electron energy versus momentum plot at the bottom of conduction band
and the top of valence band for case (a): direct semiconductors and case (b): indirect
semiconductors.

Fig. 2.3 Energy verses k relation for a bulk semiconductor.

Fig. 2.4 Energy bands and quasi Fermi levels in (a) n-doped semiconductors, (b) p-
doped semiconductors and (c) in a p-i-n diode with external current injection.

Fig. 2.5 lllustration of type | band alignment.

Fig. 2.6 Two situations of type Il band alignments. (a): only the holes are concentrated
in the centre, (b): only the electrons are concentrated in the centre.

Fig 2.7 Hllustration of broken type Il band alignment.

Fig. 2.8 The energy band profile of a p — n junction before the materials are brought
into contact.

Fig. 2.9 The energy band profile of a p—n junction after the materials are brought into
contact showing the constant Fermi level.

Fig. 2.10 The depleted space-charge region near the heterointerface of a p — n junction.

Fig. 2.11 The energy band diagram for a p—n junction showing the band bending at the
interface. Terms are defined the same as in Fig. 2.8.

Fig. 2.12 Direct I" -valley energy gap as a function of lattice constant for the zinc
blende form of 12 111-V binary compound semiconductors (points), and some of their
random ternary alloys (curves) at zero temperature.

Fig. 2.13 calculated refractive indices of InP,As,Shi.,,/InAs as a function of the
photon energy with y-composition increment of 0.1.

Fig. 2.14 Radiative recombination mechanisms in semiconductors. (a) band-to-band
recombination, (b) donor-to-valence band recombination, (c) conduction band-to-
acceptor recombination, (d) donor-to-acceptor recombination and (e) exciton
recombination. The blue and red circles represent electrons and holes respectively.
Straight line arrows and dotted vertical lines represent photon and phone emissions
respectively.

Fig. 2.15 CHCC, CHSH and CHLH Auger recombination mechanisms. In the CHCC
process, one electron on the conduction band recombines with a hole on the valence
band, transferring the energy to another free electron so that it moves higher on the
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conduction band. In the CHSH process, the energy from an electron-hole pair
recombination is transferred to an electron on the split-off (SO) band and excites it to
the heavy hole (HH) band. In the CHLH process, the energy from recombination lifts
an electron from the light hole (LH) band to the heavy hole band.

Fig. 2.16 Intervalence band absorption mechanisms. The solid arrows indicate direct
IVBA process, while the dotted arrows indicate phonon-assisted IVBA. The dashed
arrows indicate how IVBA moves to larger wavevector k and is thereby reduced with
increasing band gap Eg.

Fig. 2.17 Illustration of carrier transitions during free carrier absorption. Red dots:
electrons, blue dots: holes, arrows: direction of carrier movement, short dotted lines:
donor/acceptor states.

Fig. 2.18 Schematic evolution of the density of states from 3D bulk semiconductors to
2D quantum wells, to 1D quantum wires and to 0D QDs.

Fig. 2.19 Schematic diagrams of the band alignments and electron-hole recombination
in (a) type 1 QDs, (b) and (c) type 11 QDs.

Fig. 2.20 Schematic representation of different approaches to the fabrication of QDs:
(a) microcrystallite in glass, (b) artificial patterning of thin film strucutres, (c) self-
organized growth of QDs.

Fig. 2.21 Different epitaxial growth modes for strained layer growth. Left bottom: 2D
growth of a strained layer, centre bottom: formation of 3D islands arising after wetting
layer growth, right bottom: 3D islands formation without wetting layer.

Fig. 2.22 simplified schematic of a typical laser.

Fig. 2.23 Radiative processes: (a) absorption — an incident photon is absorbed while
the atom jumps from state 1 to state 2; (b) spontaneous emission — a photon is emitted
while the atoms descends from state 2 to state 1; (c) stimulated emission — an
additional photon is emitted when an atomic system is under the action of an incident
photon.

Fig. 2.24 Schematic drawing of multiple reflections inside a Fabry-Perot cavity and the
corresponding partial transmission of the light beam.

Fig. 2.25 Typical broad area double heterostructure laser.

Fig. 2.26 (a) refractive index profile, (b) transverse beam profile and (c) band structure
of a double hetero-structure laser.

Fig. 2.27 Schematic plot of output power versus input current of a DH laser diode at
different temperatures.

Fig. 3.1 Band alignment and fundamental electron—hole transition el-hh1 of (i) type |
and (ii) type 11 QW structures.

Fig. 3.2 (a) Calculated band diagram of the 1% and 1.5% compressively strained QWSs,

(b) Temperature dependences of the threshold current density for lasers with 1% and
1.5% compressively strained QWs.
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Fig. 3.3 (a) Calculated band alignment for 3.1-um emitting lasers. Solid line shows the
band edges for QW materials and for quinternary AllnGaAsSb barriers. The dashed
line shows the band edge position for quaternary AlGaAsSbh alloys. (b) Temperature
dependences of the threshold current density for 3.1 pum emitting lasers with
AlGaAsSb quaternary and AlGalnAsSb quinternary barriers.

Fig. 3.4 (a) Schematic epitaxial layer structure of the investigated devices, emitting at
3.73 um. (b) Pulsed Jth as a function of inverse cavity at 20 °C. The inset shows a

measured emission spectrum centred around 3.73 pm for a 2 mm long laser driven at
2.5 Iy, at 20 °C.

Fig. 3.5 (a) Lasing spectra of type-1l InP-based lasers, measured in pulsed mode at RT.
(b) band structure of the type-I1 laser structure.

Fig. 3.6 Schematic band diagram of the InAs (15 A)/GaIlnSb (27 A)/InAs (15
A)/AlGaAsSb (80 A) “W” laser structure. The lower part shows the fundamental
electron (el) and heavy-hole (hh1) wave functions.

Fig. 3.7 Dependence of the T, on Jy, at room temperature of 1.3 um QD lasers based on
data available from literature. The underlined symbols are DWELL structures.

Fig. 3.8 Band alignment of InSh/InAs QDs. The holes are localized in the QDs and the
electrons are in the InAs matrix.

Fig. 3.9 Dark-field (002) cross-sectional (a) and plan-view (b) TEM images of ten-
period InSb/InAs nanostructures (a) and single InSb insertion (b).

Fig. 3.10 (a) RHEED intensity variation during the growth of InSb QDs obtained at
different substrate temperatures, (b) PL spectra of InSb/InAs QDs with different
thickness measured at 80 K.

Fig. 3.11 Strain-modified band profiles along the (001) growth direction through the
dot centre: dashed line—conduction band, solid line—heavy-hole band, dash-dot-dot
line—light-hole band, dash-dot line—split-off valence band. (a) AR=2; (b) AR=3.5;
(c) AR=8.

Fig. 3.12 EL spectra of QD laser structures (a) with AIAsSb cladding layers containing
eight (blue curve, 20 K) and 10 (red curve, 4 K) InSb QD sheets in the active region,
(b) with AlGaAsSb and CdMgSe cladding layers.

Fig. 3.13 simplified schematic of the conduction band structure for a basic QCL, where
the lasing transition is between sub-bands 3 and 2.

Fig. 3.14 Conduction and valence band profiles for one stage of an ICL under bias,
along with the succeeding stage’s active region. The “W” active, hole injector, and
electron injector regions are indicated, along with some of the more important electron
and hole wave functions plotted at energies corresponding to their respective subband
extrema under bias.

Fig. 3.15 Jy, of different types of lasers in the wavelength range between 2 and 4.5 um

at RT. The symbols with black strokes signify the values are measured at pulsed
operation.
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Fig. 3.16 T, of different types of lasers in the wavelength range between 2 and 4.5 um
at RT. The symbol *_p’ in the legends represents values measured at pulsed mode.

Fig. 3.17 Optical output power at RT in CW mode from different types of lasers in the
2-4.5 pm range.

Fig. 4.1 Schematic drawing of the VG V80H MBE system used in this work.
Fig. 4.2 Schematic view inside an MBE growth chamber.
Fig. 4.3 Schematic cross-sectional view of a As valved cracker cell.

Fig. 4.4 (a) RHEED patterns observed along the (011) and (0-11) azimuths during the
MBE growth of epitaxial GaAs on a (100) GaAs substrate. The arrows mark the
position of integer order streak. (b) Different stages of 2D layer-by-layer growth mode
and the corresponding RHEED intensity with time.

Fig. 4.5 Schematic drawing of the XRD set-up.

Fig. 4.6 Schematic drawing of the PL measurement set-up. Green lines: Ar laser
optical path; red lines: PL emission optical path; purple lines: detected signal flow;
dashed back lines: electronic control signal flow.

Fig. 4.7 lllustration of the cryostat for PL measurement.

Fig. 4.8 Clean room laser processing steps of (a) LOR 3B deposition, (b) S1085
deposition, (c) photolithography, (d) developing, (e) Ti evaporation, (f) Au
evaporation, (g) lift-off and (h) wet etching.

Fig. 4.9 Microscopic picture of a laser chip on a T0-46 header and wire bonded to it.

Fig. 4.10 Schematic drawing of the EL measurement set-up. Red lines: EL emission
optical path; yellow lines: electrical excitation signal flow; purple lines: detected signal
flow; dashed back lines: electronic control signal flow.

Fig. 4.11 The Michelson interferometer: L is the light source, BS is the beam splitter D
is the photo detector and M are mirrors.

Fig. 4.12 Rapid scan FTIR spectroscopy of emission from lasers or LEDs. Red lines:
optical path of the emitted light; yellow lines: electrical excitation signal flow; blue
line: detected signal flow.

Fig. 4.13 Step scan FTIR spectroscopy of emission from lasers or LEDs. Red lines:
optical path of the emitted light; yellow lines: electrical excitation signal flow; blue
line: detected signal flow.

Fig. 5.1 Schematic diagrams of the three QDs samples grown on GaAs substrates. (a):
Sample (A), 10 layers of QDs deposited on top of 3 um thick InAs buffer layer grown
directly on GaAs substrate. (b): Sample (B), 10 layers of QDs deposited on top of 0.5
pum thick InAs buffer layer with AISb interlayer on GaAs substrate. (¢) Sample (C), 10
layers of QDs deposited on top of 0.5 um thick InAs buffer layer with GaSb interlayer
on GaAs substrate. All samples are capped with 200 nm InAs.

Fig. 5.2 Cross-section, dark field 002 TEM images of (a): sample (A), (b): sample (B)
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and (c): sample (C). The inset in (a) is a high magnification TEM image of the InSh
QD region in sample (A). The insets in (b) and (c) show the details of the AlSb and
Gasb interlayers in these two samples respectively.

Fig. 5.3 (a): ®-20 XRD spectrum of sample (A), the expected periodic side peaks from
the QD layers are illustrated by the black curve. (b): ®-26 XRD spectrum of sample
(B), the stronger tail on the left side shoulder of the InAs peak is from the discontinued
AlSDb interlayer. (¢): ®-260 XRD spectrum of sample (C), the weaker peak on the left
side shoulder of the InAs peak is from the GaSb interlayer. (d): ©-26 XRD spectrum of
sample (D), the side peaks are fitted by a MQW model (black curve). (e): The m-scans
of the InAs peak in samples (A), (B) and (C).

Fig. 5.4 PL spectra of samples (A) (red line), (B) (blue line), (C) (green line) and the
reference sample (D) (yellow line) measured at 4 K using an excitation intensity of 10
W/cm?. PL emission from the InAs matrix is also be observed from all samples. The
inset shows magnified spectra of the InAs emission originating from different
recomzbination mechanisms in all the samples at 4 K using an excitation intensity of 1
W/cm®.

Fig. 5.5 Integrated QD PL intensities from samples (A), (B) and (C) at different
temperatures. The dotted lines show the exponential fit of PL intensity with
temperatures below 60 K, and the dashed lines show the exponential fit for
temperatures above 60 K. The inset shows the relation between the logarithm of
integrated PL intensity from QDs (In(l)) and the reciprocal temperature (1/T) from
which the activation energy can be extracted. The straight lines give the linear fit in the
low 1/T region.

Fig. 5.6 EL spectra from the p-i-n diode structure containing 10 layers of QDs,
measured from 10 K to 180 K, with a 20 kHz pulsed current of 1.0 A at 1% duty cycle.
The inset illustrates the structure of the p-i-n diode.

Figure 5.7 Temperature dependence of EL intensity from InAs (red squares) and QDs
(blue squares). The straight lines show the exponential fit of the InAs EL from 4 K to
180 K and QDs EL from 60 K to 180 K.

Fig. 6.1 Bright field STEM image, magnification 2MX, obtained from Sheffield
University. The picture shows an individual sub-monolayer InSb QD in cross-section
using an inverted false colour map, where the red colour represents the concentration
of Sh.

Fig. 6.2 (a) Calculated transition energy of InSb QD as a function of the QD height for
different radius values at 4 K. (b) Calculated transition energy of InAsxSb1-x QD as a
function of As composition at 4 K, where the QD size is fixed at 3 nm base radius and
2 nm height.

Fig. 6.3 (a) Simulated GHH state wave function probability distribution in a single
InAs0.6Sh0.4 QD assuming a conical shape. (b) Conduction (blue) and valence (red)
bands of the InAsy¢Shy4 QD, the dotted red line signifies the calculated position of the
GHH state.

Fig. 6.4 (a) Normalized QD PL spectra measured at 4 K (red curve), 40 K(blue curve)
and 80 K (green curve). The dotted lines signify the PL peak positions. (b) (Red dots)
measured PL peak wavelengths at different temperatures. The data was fitted by the
proposed model (blue curve). The inset magnifies the 0-60 K region, showing the
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slight blue shift below 40 K, and large red shift above 40 K. The dotted line is only for
guidance. (c) Product (bold line) of Fermi-Dirac (dashes) and Gaussian distribution
(solid line) functions at different temperatures.

Fig. 6.5 (a) Illustration of the DWELL sample grown on InP substrate. (b) Sketch of
the conduction (blue line) and valence (red line) band diagrams of the DWELL
structure. The band gaps of InP, InAs0.65P0.35 and In0.84Ga0.16As are also
presented. (c) Valence band alignment in the DWELL, along with the calculated QD
energy state (black line),confined HH energy levels (dashed green lines) and LH
energy level (dashed pink line). The values of band offsets and energy differences are
also presented in the picture.

Fig. 6.6 (a) PL spectra of the DWELL sample measured at 4 K with different
excitation laser powers. (b) PL peak intensity ratios between emissions from the
barrier and the QDs (A/C), and between emissions from the QWSs and QDs (B/C).

Fig. 6.7 (a) PL spectra of the DWELL sample measured at different temperatures with
the same excitation laser power (1.0 W). (b) Percentage of the PL from the QDs out of
the total PL at different temperatures.

Fig. 6.8 Normalized integrated QDs PL intensities at different temperatures from the
sample grown on InP substrate (blue dots) and the one grown on InAs substrate (red
dots). The blue lines indicate the exponential fit for T < 100 K and T > 100 K regions
of the sample on InP. The red dashed lines indicate the exponential fits for T < 60 K
and T > 60 K regions of the sample on InAs.

Fig. 7.1 (a) Schematic of the hybrid QD laser structure grown using LPE for the lower
part and MBE for the upper part, (b) The fundamental TE mode profile along the
growth direction of the laser structure (blue curve). The refractive index of different
layers in the structure is also illustrated (red line).

Fig. 7.2 1-V curves of the laser diode at 4 K and 300 K.

Fig. 7.3 Threshold current density vs reciprocal cavity length of the laser diodes at 4 K.
The red line shows the linear fit between In(Jth) and 1/L.

Fig. 7.4 (a) Multimodal laser spectra measured at 4 K at different current injections.
Two representative groups of modes are circled in red and blue dashed lines. (b)
Estimated net gain of the two groups of modes with changing currents at 4 K.

Fig. 7.5 (a) Intensity vs current plot of laser diodes in different cavity lengths at 4 K.
(b) The relation between 1/slope and the cavity length. The red line is the linear fit.

Fig. 7.6 (a) Comparison of the below threshold emission spectrum at 0.05 A current
injection (green curve) and at 0.75 A current injection (blue curve) with the laser
spectrum at 1.0 A current injection (red curve). The peak intensities of the three
spectra have been normalized. (b) Below threshold spontaneous emission peak
wavelength shift with increasing current from a laser diode measured at 4 K. The
threshold current of this laser is around 950 mA.

Fig. 7.7 (a) lllustration of the band-bending effects caused by the electric field in type
I nanostructures. (b) Sketch of the simple capacitor model for a QD.

Fig. 7.8 Logarithm plot of the SE peak shift energy at different injected current. The
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blue line is a linear fit between In(AE) and In(I).

Fig. 7.9 Output light intensity vs pulsed injection current (100 ns pulse width, 2 kHz
repetition rate) from a 0.68 mm long, 75 um wide laser at temperatures from 20 K to
120 K.

Fig. 7.10. lllustration of the band alignments and electron/hole leakage current.

Fig. 7.11 Measured threshold current density (red dots) of the 0.68 mm long, 75 um
wide laser at different temperatures. Calculated Jie,« (green curve), Jsgy (Orange curve),
Jauger (PINk curve), Jrg (blue line) and Jy, (black curve) are also presented.

Fig. 7.12 Temperature dependence of TO of the QD laser (red dots), compared with the
TO of leakage current (green line) and Auger current (pink line). The black curve
illustrates the trend of measured T, change with temperature.

Fig. 7.13 Peak positions of the laser emission envelope with 8.0 A pulsed current
injection measured at different temperatures. The inset shows the emission spectrum at
4K,

Fig. 7.14 (a) Measured laser spectra with 2.0 A, 2.5 A, 3.0 A, 3.5 A and 4.0 A pulsed
current injections at 30 K. The dashed black line highlights the blue shift of one of the
longitudinal modes. (b) The peak position of the chosen mode at different current
injections. The straight line shows the linear fit which gives a tuning rate of -1.76
nm/A.
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Table 5.1 Estimation of the density of threading dislocations at different regions of 99
samples (A), (B) and (C) obtained by counting dislocation lines from the cross-
sectional TEM images.

Table 5.2 Summary of the QD PL emission results and activation energies from 105
samples (A), (B) and (C).
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