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Theory of Tunneling-Injection Quantum Dot Lasers

Dae-Seob Han

Abstract

This work develops a comprehensive theoretical model for a semiconductor laser, which
exploits tunneling-injection of electrons and holes into quantum dots (QDs) from two separate
quantum wells (QWs). The potential of such a tunneling-injection QD laser for temperature-
stable and high-power operation is studied under the realistic conditions of out-tunneling leakage
of carriers from QDs (and hence parasitic recombination outside QDs) and the presence of the

wetting layer (WL). The following topics are included in the dissertation:

1) Characteristic temperature of a tunneling-injection QD laser

The threshold current density ji, and the characteristic temperature 7, are mainly controlled
by the recombination in the QWs. Even in the presence of out-tunneling from QDs and
recombination outside QDs, the tunneling-injection laser shows the potential for significant
improvement of temperature stability of jy, — the characteristic temperature 7 remains very high

(above 300 K at room temperature) and not significantly affected by the QD size fluctuations.

2) Output power of a tunneling-injection QD laser

Closed-form expressions for the light-current characteristic (LCC) and carrier population
across the layered structure are derived. Even in the presence of out-tunneling leakage from QDs,
the intensity of parasitic recombination outside QDs is shown to remain restricted with
increasing injection current. As a consequence, the LCC of a tunneling-injection QD laser
exhibits a remarkable feature — it becomes increasingly linear, and the slope efficiency grows
closer to unity at high injection currents. The linearity is due to the fact that the current paths
connecting the opposite sides of the structure lie entirely within QDs — in view of the three-

dimensional confinement in QDs, the out-tunneling fluxes of carriers from dots are limited.



3) Effect of the WL on the output power of a tunneling-injection QD laser

In the Stranski-Krastanow self-assembling growth mode, a two-dimensional WL is initially
grown followed by the formation of QDs. Due to thermal escape of carriers from QDs, there will
be bipolar population and hence electron-hole recombination in the WL, even in a tunneling-
injection structure. Since the opposite sides of a tunneling-injection structure are only connected
by the current paths through QDs, and the WL is located in the n-side of the structure, the only
source of holes for the WL is provided by QDs. It is shown that, due to the zero-dimensional
nature of QDs, the rate of the hole supply to the WL remains limited with increasing injection
current. For this reason, as in the other parts of the structure outside QDs (QWs and optical
confinement layer), the parasitic electron-hole recombination remains restricted in the WL. As a
result, even in the presence of the WL, the LCC of a tunneling-injection QD laser becomes
increasingly linear at high injection currents, which is a further demonstration of the potential of

such a laser for high-power operation.
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CHAPTER 1

Introduction

1.1. Lasing in semiconductors

The term laser is an acronym for “light amplification by stimulated emission of radiation”.
In semiconductor lasers, the photons are emitted through the transitions of carriers in a
semiconductor material. Fig. 1.1 shows schematically the stimulated emission of photons in a
semiconductor. When a photon is incident on a semiconductor, it is absorbed thus creating an
electron-hole pair (i.e., an electron is excited from the valence band into the conduction band)
[Fig. 1.1(a)]. If such an excited electron interacts with an incident photon, an electron-hole pair
recombines creating one more photon, which has the same wavelength as an incident photon
[Fig. 1.1(b)]. In a system of many electrons under thermal equilibrium, the electron energy
distribution follows the Fermi-Dirac statistics, and hence the population of a higher-energy state
in the conduction band is smaller than that of a lower-energy state in the valence band. Hence,
the incident photons are substantially absorbed and correspondingly many electrons are excited
into the conduction band. If the condition of population inversion is satisfied, i.e., the population
of a higher-energy state in the conduction band becomes larger than that of a lower-energy state
in the valence band, the stimulated emission of photons overcomes the absorption of photons,
and finally the optical amplification is achieved. In a semiconductor material, the population
inversion can be realized by creating a large number of electron-hole pairs through the excitation
of electrons from the valence band into the conduction band. Electrons can be excited from the
valence band into the conduction band by light irradiation or electron-beam irradiation. However,
the most effective way is to form a p-n junction in semiconductor materials and then inject
forward currents, which provide high-energy carriers in the p-n junction. Such semiconductor
lasers, wherein the population inversion is created by the current injection, are called as injection

lasers or laser diodes.
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Fig. 1.1. Schematic illustration of (a) excitation of an electron from the valence band to
the conduction band and (b) stimulated emission by an incoming photon in a
semiconductor.

1.2. Homojunction lasers

There have been initial studies on the use of semiconductors for lasing in the late 1950s
and early 1960s [1]-[3]. In 1962, narrowing of the electroluminescence spectrum has been
observed in a GaAs diode at 77 K [4]. In the same year, Hall et al. [5] demonstrated the coherent
light emission in the pulse mode using a GaAs p-n junction at 77 K; the lasing wavelength was
842 nm with a spectral width of 1.5 nm. Several other groups also observed the coherent
emission in semiconductors in the infrared and visible light range [6]-[8]. At this early stage, the
same semiconductor material was used to form a p-n junction, and the homojunction lasers
suffered from high threshold current densities (more than 10* A/cm?) at room temperature. As a

result, continuous wave (CW) lasing operation was only possible at cryogenic temperature.

1.3. Heterostructure lasers

The possibility of the use of semiconductor lasers for lightwave communications
motivated a further research to secure room temperature operation, low threshold current density,
and reliability. After much effort, the use of heterostructures in semiconductor lasers was
proposed to overcome the difficulties of lasing operation in a p-n homojunction laser, followed

by the development of the crystal growth and epitaxial technologies.



1.3.1. Double heterostructure lasers

The advent of semiconductor heterostructures brought significant changes to electron
devices in many areas. In 1963, the concept of double heterostructure (DHS) lasers was proposed
by Alferov and Kazarinov [9] and Kroemer [10]. They proposed attaining a high density of
injected carriers and population inversion in a DHS — a structure in which a layer of a narrower
band gap material is sandwiched between the layers of a wider band gap material (Fig. 1.2). In a
DHS, the carriers and the emitted light are efficiently confined in a middle (narrower band gap)
layer. In 1970, room temperature CW operation with the threshold current density well below
10 kA/cm® was demonstrated in DHS lasers [11, 12]. In terms of the carrier confinement, DHS
lasers have become the groundwork for a more advanced type of lasers — quantum well (QW)

lasers.

1.3.2. Quantum well lasers

In 1974, Dingle et al. [13] observed the manifestations of quantum confinement in the
optical spectra of AlGaAs-GaAs-AlGaAs semiconductor heterostructures with an ultrathin GaAs
layer. In their patent [14], Dingle and Henry suggested to exploit quantum effects in
semiconductor heterostructure lasers. The idea was that the use of quantum effects in
semiconductor heterostructures can provide the wavelength tunability by changing the thickness
of the active region and can result in a lower lasing threshold due to the change in the density of
states, which came from the reduced number of the degrees of freedom for the carriers confined
in the active region. In 1975, Van Der Ziel et al. [15] observed the lasing operation in a QW
structure consisting of alternating layers of Alp>GaggAs and a very thin GaAs (50 — 500 A), but
the lasing performance fell short of that of DHS lasers.

In 1978, Dupuis et al. [16] reported for the first time on a Ga; xAlyAs-GaAs QW laser
with the performance comparable to DHS lasers. They used the term “quantum well” for the first
time. Since the first observation of lasing in QW structures, the crystal growth techniques have
been continuously evolving, thus allowing to grow thin films of good quality.

In 1982, through major improvements in the MBE growth technology (such as reducing
the doping of the layers around the active region) and using a graded index separate confinement
heterostructure, Tsang [17] achieved the threshold current density as low as 160 A/cm® for

broad-area Fabry-Perot lasers with the cavity length of 1125 um. By bounding the QW by a



short-period variable-step superlattice, Alferov et al. [18] demonstrated the GaAs-AlGaAs
double-heterostructure separate-confinement QW lasers with jy, of about 52 Alcm? and, at
optimized conditions, 40 A/cm’ — the lowest value for semiconductor lasers until the late 1990s.

There have also been other approaches using the QW heterostructures. One of them was
to generate the stimulated emission in semiconductor superlattices. This original concept was
proposed by Kazarinov and Suris in 1971 [19]-[21] and experimentally realized by Faist and
Capasso ef al. in 1994 [22, 23]. Such a laser is called as a quantum cascade laser and is based on
the electron resonant tunneling and optical transition between the quantized states in the
conduction band. The quantum cascade lasers are unipolar lasers emitting in mid- to far-infrared
range.

Evolution of the threshold current density, which should be as low as possible for a stable
lasing action, reflects the history of semiconductor lasers (Fig. 1.3) [24]. As seen from the figure,
there are four milestones in lowering the threshold current density related to the advent of a DHS

laser, QW laser, short-period QW superlattices laser, and quantum dot (QD) laser.

1.3.3. Quantum wire and quantum dot lasers

The rapid development and various applications of QW lasers, in which the quantum-
confinement of carriers occurs in one direction, stimulated the interest to further reducing the
dimensionality of the active region. Thus, quantum wire (QWR) and QD heterostructures
emerged, wherein carriers are spatially localized in two and three directions, respectively.

Fig. 1.4 shows the density of states in a bulk semiconductor, QW, QWR, and QD. The
density of states in a bulk, QW, and QWR is continuous [Fig. 1.4(a)-(c)]. A true discrete energy
spectrum and delta-function density of states can be realized in zero-dimensional structures, i.e.,
QDs only [Fig. 1.4(d)]. Due to the spatial confinement of carriers in all the three directions, QDs
exhibit an electron structure similar to atoms. That is why they can be considered as ‘man-made
atoms’ or ‘artificial atoms’. Structures with QDs became promising for lasing due to the

expectations of low threshold current density and high temperature stability.
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Fig. 1.4. Density of states in (a) bulk semiconductor (3D), (b) quantum well (2D), (¢) quantum
wire (1D), and (d) quantum dot (0D).

In 1982, Arakawa and Sakaki [25] proposed the use of QWRs and QDs for lasing. They
predicted a much weaker temperature-sensitivity of the threshold current for a QWR laser
compared to that of a QW laser. For an idealized QD laser, they predicted a temperature
insensitive threshold current. To experimentally simulate a QWR laser, they placed a bulk (DHS)
laser in a strong magnetic field and indeed observed an improvement in the temperature stability
of the threshold current.

There have been much experimental efforts to realize QD lasers. Initially, the QD
structures suffered from high density of defects and variance in quantum confinement energy

levels due to nonuniformity in QD size and shape. The use of self-organization growth technique



for QD structures opened the door to the practical realization of QD lasers. As shown in Fig 1.5,
there are three well-known growth modes for semiconductor materials — Frank van der Merwe,
Volmer-Weber, and Stranski-Krastanow (SK) modes. It was the self-organized SK growth mode
that allowed to grow uniform enough, dense, and defect-free QDs. In the Stranski-Krastanow
growth mode, several monolayers of one material are grown first on a crystal surface of another
material (substrate) having a different lattice constant. Beyond a critical thickness of the
deposited layer, three-dimensional (3-D) islands (QDs) start forming from two-dimensional (2-
D) monolayers thus partially relaxing the strain and reducing the elastic energy The initially
grown monolayers are called as the wetting layer (WL). Hence, the 2-D WL is inherently present
in self-assembled Stranski-Krastanow grown QD structures [26]-[29].

In the early stage of QD lasers, molecular beam epitaxy (MBE) was mainly used for self-
organized QDs growth, which was later followed by metalorganic chemical vapor deposition
(MOCVD) (Fig. 1.6) [30]. In 1994, Ledentsov et al. [31] demonstrated for the first time the
optically-pumped lasing action in an InAs-GaAs QD structure grown by MBE. In the same year,
Kirstddter et al. [32] reported for the first time on the QD laser diode operating at room
temperature with j; = 950 Alem? (see also Egorov et al. [33]).

In 1996, Alferov et al. [34] used MOCVD for the fabrication of a low-threshold (ju, =
150 A/em®) QD laser. In the same year, for a QD size dispersion of 10% and other practical
structure parameters, Asryan and Suris [35] predicted threshold current densities below 10 A/cm®
at room temperature in properly optimized QD lasers.

In 1997, Ustinov et al. [36] demonstrated a laser based on vertically-coupled QDs with
low ju at the room temperature. Fig. 1.7 shows jy versus the number of layers with vertically-
coupled QDs [37]; with increasing number of layers, the threshold current density decreases
down to 90 A/cm?. In 1998, Zhukov ef al. [38] reported on a QD laser with the threshold current
density of 63 A/em’.

In 2000, the lasing with the threshold current density of 10 A/cm” was achieved by Park
et al. [39] in a QD structure.

Since the beginning of the 1990s, the fabrication techniques for QD lasers have been
continuously progressing. In view of the needs for telecommunication systems, many studies

have been focused on QD lasers emitting at the wavelengths of 1.3 and 1.55 um.
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Fig. 1.5. Schematic diagrams of three possible modes for the heteroepitaxial growth: (a)
Frank-van der Merwe (FM), (b) Volmer-Weber (VW), and (c) Stranski-Krastanow (SK).

Fig. 1.6. High resolution TEM image of a single self-organized QD
grown by deposition of 16 periods of 0.25 ML InAs/0.25ML GaAs
separated by 5s pauses. (Reprinted from Fig. 1 of ref. [30], Copyright
(2001), with permission from Elsevier.)
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Fig. 1.7. Threshold current density (at 300 K) versus the number of
layers with QDs for structures with vertically-coupled QDs.
(Reprinted with permission from Fig. 6(b) of [37]. Copyright (1996)
by the American Physical Society.)

In 2000, Lott et al. [40] reported on a QD vertical-cavity surface-emitting laser (VCSEL)
on the GaAs substrate emitting at 1.3 um. In [41], Homeyer et al. reported on an InAs/InP QD

laser emitting near 1.55 pm with ju = 170 A/em®.

1.4. Tunneling-injection heterostructure lasers

Even though the fast progress on QD lasers has been made, there are still several
problems to overcome, such as temperature sensitivity of the threshold current density due to the
parasitic recombination outside QDs [42] and the sublinearity of the light-current characteristic

(LCC) [43]. Several approaches have been recently proposed to improve the characteristics of



QD lasers. Among them are p-type modulation doping of the active region [44, 45] and tunneling
injection of carriers into QDs [46]-[48].

In 1996, tunneling-injection of electrons was proposed in single and multiple QW lasers
(Fig. 1.8) [49] to alleviate hot carrier effects, which otherwise reduce the gain and increase the
Auger recombination [50, 51]. Electrons injected from the cladding layer are first thermalized in
a wide three dimension (bulk) region and become cold. Cold electrons then tunnel into the QW
through thin barriers. Tunneling-injection QW lasers emitting at 0.98 um showed higher
modulation bandwidth, lower chirp, and weaker temperature dependence of the threshold current
density.

To address the same problems in QD lasers, tunneling-injection of electrons from the QW
into QDs was proposed [51]-[53]. Such a tunneling-injection QD laser did showed an enhanced
small-signal modulation bandwidth and reduced temperature sensitivity of the threshold current
density. However, in the structures of [51]-[53], bipolar carrier density and hence parasitic
recombination still remain on the hole-injecting side.

In [54], tunneling-injection of electrons into QDs was reported for an InAs QD laser
based on the InP substrate.

In [55], resonant tunneling was proposed from the bulk region into the QD excited-state
separated from the QD ground-state by the energy of the longitudinal optical phonon.

In [46]-[48], to suppress the recombination outside QDs and thus to significantly improve
the temperature-stability of the laser, tunneling-injection of both electrons and holes into QDs
was proposed from two separate QWs [Fig. 1.9(a)]. In [46], the complete suppression of the
parasitic recombination outside QDs was shown to lead to the characteristic temperature value
above 1500 K [Fig. 1.9(b)].

There has been experimental work [56]-[59] related to the concept [46]-[48] of tunneling
injection of both electrons and holes into QDs. Compared to a conventional QD laser, tunneling-
injection can efficiently improve the uniformity of QDs by selecting the QDs of the ‘right’ size,
and the carrier collection in QDs can also be improved [56]. Using tunneling-injection of both
electrons and holes, the highest ground-state gain for a single-layer InAs QD laser was reported,
thus allowing for ground-state lasing in short-cavity devices [57]. A more symmetrical gain
shape and a smaller refractive index change at the peak gain wavelength were reported for a

tunneling-injection QD laser [59].
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Fig. 1.8. Energy band diagram of a tunneling injection QW laser of [49]. (Fig. 1(b) of
ref. [49], reprinted with kind permission of Springer Science and Business Media.)

1.5. Objectives, structure, and main results of the dissertation

In [46]-[48], tunneling-injection of both electrons and holes into QDs was proposed from
two separate QWs. In the case of no out-tunneling from QDs into the foreign QWs, the
characteristic temperature of the laser was shown to be above 1000 K, which means virtually
temperature-insensitive threshold current density.

The main objective of this dissertation is the study of the potential of the laser, which
exploits tunneling-injection of both electrons and holes into QDs, for temperature-stable and
high-power operation under the realistic conditions of out-tunneling leakage of carriers from
QDs into the foreign QWs and the presence of the wetting layer (WL). The structure of the

dissertation, the topics of the research, and the main results are:
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values are indicated on the right axis. (Reprinted from Figs. 3 and 4(b) of
ref. [47], Copyright (2003), with permission from Elsevier.)
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1) Characteristic temperature of a tunneling-injection QD laser (chapter 2)

A laser structure is studied, which exploits tunneling-injection of electrons and holes into
QDs from two separate QWs. An extended theoretical model is developed allowing for out-
tunneling leakage of carriers from QDs into the opposite-to-injection-side QWs (electrons into
the p-side QW and holes into the n-side QW). Due to out-tunneling leakage, parasitic
recombination of electron-hole pairs occurs outside QDs — in the QWs and optical confinement
layer. The threshold current density ji, and the characteristic temperature 7y are shown to be
mainly controlled by the recombination in the QWs [Al, A2]. Even in the presence of out-
tunneling from QDs and recombination outside QDs, a tunneling-injection laser shows potential
for significant improvement of temperature stability of ji — the characteristic temperature 7
remains very high (above 300 K at room temperature) and not significantly affected by the QD

size fluctuations.
2) Output power of a tunneling-injection QD laser (chapter 3)

A comprehensive theoretical model for a tunneling-injection QD laser is developed [A3]-
[A5]. Both electrons and holes are injected into QDs by tunneling from two separate QWs.
Ideally, out-tunneling of each type of carriers from QDs into the opposite-to-injection-side QW
should be completely blocked; as a result, the parasitic electron-hole recombination outside QDs
will be suppressed and the light-current characteristic (LCC) of a laser will be strictly linear. To
scrutinize the potential of a tunneling-injection QD laser for high-power operation and the
robustness of an actual device, the model includes out-tunneling leakage of carriers from QDs.
The numerical calculations are complemented by an analytical model and closed-form
expressions for the LCC and carrier population across the layered structure are derived. Even in
the presence of out-tunnelling leakage, the intensity of parasitic recombination outside QDs is
shown to remain restricted with increasing injection current. As a consequence, the LCC exhibits
a remarkable feature distinguishing the tunneling-injection QD laser from other types of injection
lasers — it becomes increasingly linear, and the slope efficiency grows closer to unity at high
injection currents. The linearity is due to the fact that the current paths connecting the opposite
sides of the structure lie entirely within QDs — in view of the three-dimensional confinement in

QDs, the out-tunneling fluxes of carriers from dots are limited.
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3) Effect of the wetting layer on the output power of a tunneling-injection QD laser
(chapter 4)

To suppress bipolar population and hence electron-hole recombination outside QDs,
tunneling-injection of electrons and holes into QDs from two separate QWs was proposed earlier.
Close-to-ideal operating characteristics were predicted for such a tunneling-injection laser. In the
Stranski-Krastanow growth mode, a two-dimensional wetting layer (WL) is initially grown
followed by the formation of QDs. Due to thermal escape of carriers from QDs, there will be
bipolar population and hence electron-hole recombination in the WL, even in a tunneling-
injection structure. Here, the light-current characteristic (LCC) of a tunneling-injection QD laser
is studied in the presence of the WL [A6, A7]. Since (i) the opposite sides of a tunneling-
injection structure are only connected by the current paths through QDs and (ii) the WL is
located in the n-side of the structure, the only source of holes for the WL is provided by QDs. It
is shown that, due to the zero-dimensional nature of QDs, the rate of the hole supply to the WL
remains limited with increasing injection current. For this reason, as in the other parts of the
structure outside QDs (quantum wells and optical confinement layer), the parasitic electron-hole
recombination remains restricted in the WL. As a result, even in the presence of the WL, the
LCC of a tunneling-injection QD laser becomes increasingly linear at high injection currents,

which is a further demonstration of the potential of such a laser for high-power operation.
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Chapter 2

Characteristic Temperature of a Tunneling-Injection

Quantum Dot Laser

Summary

A laser structure is studied, which exploits tunneling-injection of electrons and holes into
quantum dots (QDs) from two separate quantum wells (QWSs). An extended theoretical model is
developed allowing for out-tunneling leakage of carriers from QDs into the opposite-to-
injection-side QWs (electrons into the p-side QW and holes into the n-side QW). Due to out-
tunneling leakage, parasitic recombination of electron-hole pairs occurs outside QDs — in the
QWs and optical confinement layer. The threshold current density ju and the characteristic
temperature 7 are shown to be mainly controlled by the recombination in the QWs. Even in the
presence of out-tunneling from QDs and recombination outside QDs, the tunneling-injection
laser shows the potential for significant improvement of temperature stability of ji — the
characteristic temperature 7 remains very high (above 300 K at room temperature) and not

significantly affected by the QD size fluctuations.

2.1. Introduction

High temperature stability of threshold current has been predicted for semiconductor
quantum dot (QD) lasers [1]. An ideal situation would be temperature-insensitive threshold
current density ju, 1.€., the characteristic temperature (a widely-accepted figure of merit of any

diode laser from the viewpoint of temperature-stability of j, [2]) defined as

-1
Oln j
T =| Z—Lth 2.1
0 (MJ (2.1)

would be infinitely high. In actuality, however, not all injected carriers appear in QDs — a
fraction of them recombines outside QDs. The recombination current outside QDs depends

strongly on 7 and causes such dependence of j,; hence, 7Ty becomes finite (Fig. 2.1) [3].
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To suppress the recombination outside QDs, tunneling-injection of both electrons and
holes into QDs was proposed in [4, 5]. (In [6]-[9], to minimize hot-carrier effects, tunneling-
injection of only electrons into respectively the quantum well (QW) and QDs was proposed. In
[10], to avoid a possible phonon bottleneck problem, resonant tunneling was proposed from the
bulk optical confinement layer (OCL) into the QD-excited-state separated from the QD-ground-
state by the energy of the longitudinal optical phonon.) A complete suppression of the
recombination outside QDs will result in 7 above 1000 K [4, 5], which corresponds to a
virtually temperature-insensitive ji.

Here we study the effect of out-tunneling leakage of carriers from QDs (shown by
inclined arrows (3 in Fig. 2.2) and hence recombination outside QDs (vertical arrows 6 and
in Fig. 2.2) on the T-dependence of ju [Al, A2]”. We show that, even in the presence of such
leakage, Tp remains very high. We analyze 7, versus the temperature and parameters of a

GalnAsP/InP heterostructure lasing near 1.55 um.

2.2. Laser structure

The energy band diagram of the structure is shown in Fig. 2.2. The electrons (holes) are
injected from the n- (p-) cladding layer into the OCL, captured in the corresponding QW, and
finally tunnel into QDs (Fig. 2.2). The basic concept is that the QWs are not connected by a
current path that bypasses QDs. To realize this concept, (i) the barriers separating QDs from the
QWs should be high enough to suppress the thermal escape (leakage) of carriers from the QWs,
and (ii) the material separating QDs from each other in the QD layer should have a wide enough
bandgap to suppress all tunneling other than via the QD levels (this material may be the same as
that of the barrier layers).

The probability of direct tunneling is higher than that of indirect tunneling. Hence, due to
QD size fluctuations, which are always present in QD ensembles [11, 12], the tunneling will be
most efficient within a certain range of QD sizes. To maximize the tunneling-injection rate and
hence the number of active (pumped) QDs, the material and thickness of the injecting QW
should be chosen so that the lowest subband edge in the QW matches the quantized energy level

for the corresponding type of carrier in the average-sized (most represented) QD. Such an

") “A” in the reference number indicates the publications of the author of this dissertation.
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optimum situation is shown in Fig. 2.2 [the QWs may (as shown in the figure) or may not be of

the same material as QDs].

= 30 - Jops Jocr. Alem?
= SO .
%” 10 F L Jih=JoD tJocL
<20
= :
= é e JocL
E} "«.GJ 1 1 ] ,!' .
5 S 200 300 T, 400 JOCL
o &10 T K
= £
e 3 :
=
= 0 L I J
= 200 250 300 350 400

Temperature, K

(a)

0 l |
200 250 300 350 400
Temperature, K

(b)

Fig. 2.1. (a) Threshold current density and its components, and (b)
characteristic temperature versus temperature. Inset in (a) shows
Jjop and jocr on enlarged (along the vertical axis) scale at 7= Ty =
344 K, jocL = jop- The dotted line of (a) and dashed line of (b)
represents the current density jop and Toneurat calculated on the
assumption of neutrality in QDs, respectively. (Figs. 16 and 17(c)
of ref. [3], reprinted with kind permission of Springer Science and
Business Media.)
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®
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®
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p - cladding

2 s

b, D

Fig. 2.2. Energy band diagram of a tunneling-injection QD laser and the
main processes: (D injection from the cladding layers to the OCL, @
majority carrier capture from the OCL to the QW and thermal escape from
the QW to the OCL, (@ tunneling-injection from the QW into a QD, @
spontaneous and stimulated recombination in a QD, 3 out-tunneling from
a QD into the “foreign” QW, (® spontaneous recombination in the QWs,
(@ minority carrier thermal escape from the QW to the OCL and capture
from the OCL to the QW, and (8 spontaneous recombination in the OCL.

(Reprinted from Fig. 1 of ref. [Al], Copyright (2008), with permission
from Elsevier.)
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Under certain conditions, which are described in [4, 5], there will be no second step of

tunneling of electrons (holes) from QDs to the p- (n-) side QW (we refer to this second step of

tunneling as out-tunneling); there will be no electrons (holes) as minority carriers in the p- (n-)

side OCL and QW and hence the electron-hole recombination will be completely suppressed

there.

Here, we allow for out-tunneling leakage of electrons from QDs to the right-hand-side

QW and holes from QDs to the left-hand-side QW [processes (B in Fig. 2.2]. Hence, electrons as

minority carriers will recombine with holes as majority carriers in the right-hand-side QW and

OCL [processes ® and @ in Fig. 2.2]. Similarly, holes as minority carriers will recombine with

electrons as majority carriers in the left-hand-side QW and OCL.

2.3. Rate equations

The following set of rate equations is used:

for free electrons and holes in the left-hand side of the OCL,

. L
on, j n
L _ QW L
bl 6t - ; + 2_L - Vn,captnL _banLpL ’

n,esc

op péw L
b, a_tL = TL__ Vocapt P —-bBn,p,,

p.esc

for free holes and electrons in the right-hand side of the OCL,

Oy _J, Pow  x
b2 atR :;+TR _Vp,captpR _b2BanRa

p.esc

R
on n
R _ QW R
b2 ot - 2_R _Vn,captnR _bZBanR’

n,esc

for electrons and holes in the electron-injecting (left-hand-side) QW,

on- nk
oW L oW L L L LQW L L
= VieapttL — -W Ns(l_fn)an F Wy NSy _annowpow’

a ¢ n,capt’' "L L n, tunn ,tunn

n,esc
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(2.5)

(2.6)



op& 25
6QZLW - VlicaptpL - % - WpL,tunnNS (1 o f;J)péW + WlimnﬂplL’QWNSj;J o BZDnéwpéW ’ (27)

psesc

for holes and electrons in the hole-injecting (right-hand-side) QW,

apR pR
QW _ R QW R R R R,QW R R
at - vp,captpR TR - wp,tunnNS (1 - f;;)pQW + wp,tunnpl NSJ:) - BZDnQWpQW > (28)
p.esc
5n§w R ngw R A R R RQW py B.nk pE 29
81‘ - Vn,captnR - R - Wn,tunn S( _f;l)nQW + Wn,tunnnl S.fn - 2DnQWpQW > ( * )

n,esc

for electrons and holes confined in QDs,

NS aé;r: = WL Ns(l_ﬂ)néw _WL nlL,QW]\]Sf;1 + erf,tunnNS(l_f;q)ngW _Wf nR’QWNSf;

n,tunn n,tunn ,tunn " 71

2.10)
f;lf c max (
~Nge o Z & (f 4 f ~DN,
Top \/g S
%_ R N(l—f) R R R,QWNf+ L N(l—f L L L,QWNf
S 81‘ - Wp,tunn S p pQW Wp,tunnpl SJp Wp,tunn S p)pQW Wp,tunnpl SJp
2.11)
f;lf c max (
~Nge o C 8 (f g f ZD)N,
Top A€ S
and for photons,
ON c c
—=—g"(f.+f,-)N———=/N. 2.12
ot \/gg (fn fp ) \/gﬂ ( )

The fluxes and physical quantities entering into (2.2)—(2.12) are presented in Tables 2.1 and 2.2,

respectively.

27



Table 2.1. Fluxes of different processes in egs. (2.2)—(2.12)

e

Injection from the cladding layers to the OCL

LR LR
Now  Pow

Thermal escape of electrons and holes from the QWs to the OCL

LR ° L,R
rn,CSC p.esc
L,R L,R
Vaeapt"L.r > Voeapt'1.R Capture of electrons and holes from the OCL to the QWs

bBn,p,, b,Bnyp,

Spontaneous radiative recombination in the left- and right-hand sides of
the OCL

L L
Wn, tunnNS (1 - fn )nQW s

W;e,tunnNS (1 - f;))p(l)ew

Tunneling-injection of electrons and holes into the QD ensemble
(processes (3 in Fig. 2.2)

L LQW
W N f, s

n,tunn

R R.QW
Wp,tunnp 1 N N j;:'

Electron and hole backward tunneling from the QD ensemble to the
injector-QWs (processes reverse to (3 in Fig. 2.2)

L L,QW
Wp,tunnpl NS];) 5

R R, QW
Wown/t Nty

n,tunn

Hole and electron out-tunneling from the QD ensemble to the foreign
(electron- and hole-injecting, respectively) QWs (processes (B in
Fig. 2.2)

W]f,mnnNS (1 - f;;))pé)W H
Wf,tunnNS (1 - f;; )ngW

Hole and electron backward tunneling from the foreign QWs into the
QD ensemble (processes reverse to (5 in Fig. 2.2)

L L
Bypngw Pow » Spontaneous radiative recombination in the left- and right-hand-side
R R
BzD”QW Pow QWs
Jolt,
Ng—=F Spontaneous radiative recombination in QDs
T
QD
c g™ . _r o
(/. +/, —DN | Stimulated radiative recombination flux
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Table 2.2. Physical quantities in egs. (2.2)—(2.12)

ﬁl,P

Electron- and hole-level occupancies in QDs

QD

Spontaneous radiative lifetime in a QD

LR LR
Now > Pow

2-D electron and hole densities in the QWs

Ny rsPrr Free-electron and -hole densities in the left- and right-hand side of the OCL
Lrow rrow | Quantities (measured in units of cm?) in the electron and hole tunneling

™ » Pi fluxes from the QD ensemble to the QWs
LR Tunneling coefficients (measured in units of cm?/s) for electron and hole
L. tumn tunneling between the QD ensemble and the QWs

b b Thicknesses of the left- and right-hand side of the OCL [separation between
b the n- (p-) cladding layer and the left- (right-) hand-side barrier]

Ng Surface density of QDs

S=WL Cross-section of the junction

w Lateral size of the device

L Cavity length

g Maximum value of the modal gain [12, 13]

N Number of photons in the lasing mode

c Light velocity in vacuum

B Ban Spc?ntaneous radiative recombination constants for the bulk (OCL) and 2-D

region (QWs)

\/e_g Group index of the dispersive OCL material

R Facet reflectivity

Jj Injection current density

B=(1/L)In(1/R)

Mirror loss coefficient

LR
Vi, p.capt

Capture velocity of electrons and holes from the OCL to the QWs

L.R
T

n,p,esc

Thermal escape times of electrons and holes from the QWs to the OCL
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2.4. Threshold current density

We consider a continuous-wave operation of the laser and correspondingly use the

steady-state rate equations
9 (B, Bp,s byngs bypys nhys Pl nEy plws N )=0 2.13
or s OPrs Oylgs D, PRy Nows Pows Mows Pows sSus stpa N . (2.13)

Below the lasing threshold, the stimulated recombination term vanishes in (2.10)-(2.12)
(since N =0).

Above the lasing threshold, the number of stimulated photons is nonvanishing (N # 0).
To satisfy (2.12) at the steady-state and at nonvanishing N, the following lasing condition should
hold

g™ (f,+/,-1)=8 (2.14)

which is the condition of equality of the modal gain to the mirror loss at and above the lasing
threshold (the internal optical loss is not considered here).

The threshold current density jy, is defined as the lowest injection current density at
which (2.14) satisfies. Atj = ju, the number of photons is still zero; for j immediately above jy, N
starts to build up. From the steady-state rate equations at N = 0, the threshold current density can
be presented as the sum of the spontaneous recombination current densities in QDs, QWs, and

OCL,
Sty

Jo =eNg z'_ + eBZDnéwpéW + eBZDngwpgw +ebBn,p, +eb,Bn,p, (2.15)
QD

where the electron and hole level occupancies in QDs, fmp , and densities in the QWs and OCL,
ngw » Pow and n, ., p, p, should be found from the solution of the rate equations at the lasing

threshold [i.e., when N = 0 and simultaneously eq. (2.14) satisfies].

As seen from (2.2)-(2.9), the rate equations for the carrier densities in the right-hand-side
QW and OCL are similar to those in the left-hand side. For this reason, we will analyze these
equations for the left-hand side only.

Using the rate equations (2.3) and (2.7) at the steady-state, the recombination flux outside

QDs can be presented as follows:
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BzD”éwpéw +bBn,p, = ]f,tunnplL’QWNSf;J - W]f,tunnNS (I- fp)péw (2.16)

and similarly for the right-hand side of the structure. In (2.16), w.. p;"® N f, is the hole out-

tunneling flux from the QD ensemble to the left-hand-side QW, and WpitunnN s=1,) péw is the

flux of backward tunneling of holes from the left-hand-side QW to the QD ensemb]e.
Eq. (2.16) simply states that the net out-tunneling flux of minority carriers from QDs
goes into the recombination in the corresponding side of the structure. With (2.16) and a similar

equation for the right-hand side of the structure, ji; can be written as follows:

Sty

2 [t N Sy = 0 N (U £,

Jin =eNg

oD (2.17)
+[ewr11z,tunnan,QWNSf;1 _eWR NS(I_ﬂ)ngW]

n,tunn

If the charge neutrality holds in QDs (f, = ;) [13, 14], then using (2.14) we immediately
obtain that the level occupancies in QDs are temperature-insensitive at and above the lasing

threshold,

fn:fp:l[l+ ’faszconst(T). (2.18)
2 g

Consequently, the current density associated with recombination in QDs [the first term in the

right-hand side of (2.15) and (2.17)] will be temperature-insensitive. If in this case out-tunneling

of carriers from QDs is completely blocked, then j, =eNg ( Hty/ TQD)zconst(T ) and 7 = 0.

In the presence of out-tunneling, assuming again charge neutrality in QDs, the
temperature dependence of j; will be due to such dependence of the recombination currents
outside QDs. The characteristic temperature can be presented as

1 _Jow 1 oo 1

— = + 2.19
T, e T Ju T 219

where j, is the sum of the second and third terms in the right-hand side of (2.15), j, is the

sum of the last two terms, and 7,0" and T, " are defined similarly to 7; but for Jow and joc -
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2.5. Results and discussion

Continuous wave room-temperature operation of a GalnAsP/InP heterostructure lasing
near 1.55 pum is considered here. To calculate jy and 75, we solved the steady-state rate equations
for free carriers in the OCL, carriers in the QWs, and carriers confined in QDs.

Fig. 2.3 shows the temperature dependence of the threshold current density and its
components. As seen from the figure, jy is practically controlled by the recombination in the
QWs — the contribution of the recombination in QDs and the OCL is negligible. The
recombination current density jow is directly proportional to 7, which stems from such
dependence of both the electron and hole densities in each of the QWs — Fig. 2.4 shows the 7-
dependence of the 2-D electron and hole densities in the left-hand-side QW. Indeed, since the
spontaneous radiative recombination constant in the 2-D region (QW) is inversely proportional

to the temperature [15],

By (2.20)

then

Byynlk pbk oc%T-T:T. (2.21)

The fact that ngy and pgy are proportional to 7 in its turn simply means that the

temperature-dependences of ngy and pgy, are mainly controlled by those of the 2-D effective
densities of states in the conduction and valence bands in the QWs,

QW
2D _ mc,v kBT

B (2.22)
T

QW

[RY

where m_, are the electron and hole effective masses in the QWs and k, is the Boltzmann’s

constant.
Since Jjoy o T, it is clear from the definition 7, = (6 In jo /0T )_1 that 7,2V is simply

equal to the temperature (the dotted line in Fig. 2.5)
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Fig. 2.3. Temperature-dependence of the threshold current density and its

components. In Figs. 2.3-2.10, the structure parameters and the tunneling

coefficients are as follows unless otherwise specified: Ng = 6.1 x 10'° cm'z, 1)
= 0.05, and L = 1139 pm; w,, = 162 cm’/s, wr,. = 0.015 cm®s, w ., =

0.016 cm?/s, and w®_ = 1.48 cm?/s. (Reprinted from Fig.2 of ref. [Al],

p,tunn

Copyright (2008), with permission from Elsevier.)

™ =T. (2.23)

Not only the contribution of the recombination in the OCL to the threshold current is

negligible ( j,o / j,, <<1), but also the temperature dependence of j,. is weaker than that of
Jow» 1€ T > T2V . Hence the second term in the right-hand side of (2.19) can be safely

neglected to yield for the characteristic temperature (the solid line in Fig. 2.5)

, . i+ 7
T, ~ .‘]th TOQW = 'J_th T:[]+M]T >T. (2.24)
JQW ]QW JQW

A slight excess of Ty over T'is due to the factor j, /jow =1+ ( Jop F Joct )/ Jow » Which is slightly

larger than unity.
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Fig. 2.4. Temperature-dependence of the 2-D electron and hole densities
in the left-hand-side QW at the lasing threshold. (Reprinted from Fig. 3 of
ref. [A1], Copyright (2008), with permission from Elsevier.)

Under the condition of charge neutrality in QDs [when f;, , are given by (2.18)] and using
the expression for the maximum value of the modal gain g™ [12, 13], the level occupancies in
QDs are presented as follows in terms of the structure parameters (surface density of QDs N,

root mean square of relative QD size fluctuations J, and cavity length L) [12]:

min Lmin
A YL R ¥ ORI O § (2.25)
,p 2 NS 2 5max 2 L

where NI™, ™, and L™ are the critical tolerable values of N, &, and L, respectively.

When any of the structure parameters is equal to its critical value, QDs become fully occupied

(fop =1). For Ny < N ™ or & > 8™, or L < L™, the lasing condition (equality of the gain

to the loss) can not be satisfied and no lasing can be attained in a QD structure [12].

34



400

T

N

200 300 400

T (K)

Fig. 2.5. Temperature-dependence of the characteristic temperature. The dotted
line shows the characteristic temperature 7,°" for the threshold current density

component j,, associated with the recombination in the QWs. Since j,y, T,

TY =T . (Reprinted from Fig.4 of ref. [Al], Copyright (2008), with

permission from Elsevier.)

Figs. 2.6-2.8 show j, and Ty versus the QD structure parameters normalized to their

critical tolerable values. In contrast to a ‘conventional’ (not tunneling-injection) QD laser, in

which j,— o as any of the structure parameters approaches its critical value [12], here j,
remains finite at f, =1, ie., when N; = NI™ [Fig. 2.6(a)], or & = o™ [Fig. 2.7(a)], or
L = L™ [Fig. 2.8(a)]. As fup =1 1n a conventional QD laser, both the free electron and hole

densities in the OCL increase infinitely and hence so does the threshold current density

component j ., associated with the recombination in the OCL. In a tunneling-injection structure

with out-tunneling leakage of carriers from QDs, as already discussed above (Fig. 2.3) and also

clear from Fig. 2.6(a), j,, is controlled by the recombination current density j,, in the QWs

(the dashed curve in the figure). When f, = —1 (i.e., Ny > N, ™ or § = 0™, or L— L™),
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Jow remains finite. The point is that the 2-D majority and minority carrier densities in the QW

behave oppositely when the parameter of the structure tends to its critical tolerable value. This is
shown in Fig. 2.9 by the example of the dependence on Ns. While the majority carrier density

min

(the dashed curve) increases infinitely as Ny — N, the minority carrier density (the solid
curve) goes to zero so that their product defining j,,, [the dashed curve in Fig. 2.6(a)] remains
finite.

Using eq. (2.17), we can easily derive the expression for the threshold current density at

the critical value of the parameter. Indeed, when f,  — 1, not only (1 - fn’p)—> 0 but also the

minority carrier densities in the left- and right-hand-side QWs, pg,, and ngy, , tend to zero.

Hence the current densities of backward tunneling of minority carriers from the QWs to QDs,

ewrf’mnnN s=1,) Pow and ew . No(1— f)ngy, , vanish as Jop = 1; the maximum values (those

n,tunn

at f,,=1) of the current densities of out-tunneling from QDs, ew . pr N, and

R R,QW

ew, .7~ Ny, will only remain in (2.17) together with the spontaneous recombination current

n,tunn

density in QDs. Thus we obtain

1 eNS L L,QW R R,QW
Tl gyt = T W Py Ng+ew, Ny (2.26)

n,tunn
oD

In a particular case when f, —1 by virtue of Ny — Ng™, N¢™ should enter into (2.26)

instead of N .

Hence, as any of the structure parameters approaches its critical tolerable value and QDs
become fully occupied, no portion of out-tunneling fluxes of minority carries returns back to
QDs — these fluxes are entirely consumed via the recombination processes outside QDs
(primarily in the QWs).

As a function of the QD size dispersion or the cavity length, ;j, is at its maximum at
=6 or L=L"" and decreases monotonically with decreasing & or increasing L

[Fig. 2.7(a) and Fig. 2.8(a), respectively].
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Fig. 2.6. (a) Threshold current density and (b) characteristic temperature
versus normalized surface density of QDs. In Figs. 2.6-2.10, the temperature
T = 300 K. The dashed curve in (a) shows the threshold current density
component jow associated with the recombination in the QWs. (Reprinted
from Fig. 5 of ref. [A1], Copyright (2008), with permission from Elsevier.)
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Fig. 2.7. (a) Threshold current density and (b) characteristic temperature
versus normalized root mean square of relative QD size fluctuations.
(Reprinted from Fig. 6 of ref. [A1], Copyright (2008), with permission from

Elsevier.)
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Fig. 2.8. (a) Threshold current density and (b) characteristic temperature
versus normalized cavity length. (Reprinted from Fig.7 of ref. [Al],

Copyright (2008), with permission from Elsevier.)
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Fig. 2.9. 2-D electron and hole densities in the left-hand-side QW versus
normalized surface density of QDs. (Reprinted from Fig. 8 of ref. [Al],
Copyright (2008), with permission from Elsevier.)

As a function of the surface density of QDs, j, is non-monotonic [Fig. 2.6(a)] — j,,
increases rapidly with N, and approaches its maximum at the N, value slightly higher than

Ng™. On further increasing N, j, decreases over a wide range of N, values and then again

starts to slowly increase [Fig. 2.6(a)].

As seen from Figs. 2.6-2.8, T is very high throughout the entire range of the parameters
shown. As each of the parameters is changed toward its critical tolerable value, 7, decreases.
This decrease is however small, particularly with changing 6 and L [Fig. 2.7(b) and Fig. 2.8(b)].
There is a peculiarity in the dependence of 7j on each of the structure parameters — the point of
minimum of this dependence is slightly shifted from the critical point. Notice that even the
lowest value of 7, is above 300 K, i.e. well above (by a factor of more than three) the
characteristic temperature of commercial telecommunication QW lasers [16]. At the same time,
if the structure parameters are reasonably far from their critical values, the threshold current

densities [Figs. 2.3, 2.6(a), 2.7(a), and 2.8(a)] are well below those of telecommunication lasers.
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T, (K)

Fig. 2.10. Characteristic temperature versus tunneling coefficients for
minority carriers wlf and w® . The tunneling coefficients for majority

,tunn n,tunn

carriers are as follows: w' = 162cm%s and w® = 1.48 cm%s.

n,tunn p,tunn

(Reprinted from Fig. 9 of ref. [A1], Copyright (2008), with permission
from Elsevier.)

Shown in Fig. 2.10 is 7, versus the tunneling coefficients wﬁmnn and w’  for minority

n,tunn

carriers. As w-._and w®  — 0, the characteristic temperature increases infinitely, 7y — oo.

p,tunn n,tunn

Indeed, in such situation, there is no out-tunneling of minority carriers from QDs and hence the

recombination outside QDs is totally suppressed. The only remaining component of jy, is the

recombination current density in QDs, jop [the first term in the right-hand side of (2.15) and

(2.17)]. Under the condition of charge neutrality in QDs [ f, =f, = const (7) — see (2.25)], this
component is temperature-independent and hence so is ji.

The tunneling coefficients are strongly controlled by the thicknesses of barriers

separating QDs from the QWs as well as the QD and QW parameters. Using the universal

41



dependence of the characteristic temperature on w’__ and w®

' tunn wnm Shown in Fig. 2.10, the
dependences on each of the parameters controlling the tunneling coefficients can be obtained.

In commercial InP-based telecommunication lasers, the temperature-sensitivity of the
threshold current can also be affected by the thermal leakage of minority carriers over the
heterobarriers between the OCL and cladding layers and recombination in the latter [17]. As seen
from Fig. 2.3 and discussed above, the role of recombination in the OCL is negligible compared
to that in the QWs. In other words, the out-tunneling flux of minority carriers from QDs is
mainly consumed by the recombination in the QWs — this flux practically does not appear in the
OCL. For this reason, the recombination in the cladding layers, which could only be fed by the

thermal leakage of minority carriers from the OCL, can be safely neglected in a tunneling-

injection QD laser.

2.6. Conclusion

We studied the threshold characteristics of a laser, in which electrons and holes are
injected into QDs by tunneling from two separate QWs. We developed an extended theoretical
model allowing for out-tunneling leakage of carriers from QDs and hence recombination outside
QDs. The carrier densities, threshold current density ju, and characteristic temperature 7, have
been calculated as functions of temperature and structure parameters. The recombination in the
QWs has been shown to control ji, and 7. Even in the presence of out-tunneling from QDs and
recombination outside QDs, 7y has been shown to remain very high (above 300 K at room
temperature) and not significantly affected by the QD size fluctuations, which is a clear

manifestation of robustness of the tunneling-injection QD laser.
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Chapter 3

Output Power of a Tunneling-Injection

Quantum Dot Laser

Summary

A comprehensive theoretical model for a tunneling-injection quantum dot (QD) laser is
developed. Both electrons and holes are injected into QDs by tunneling from two separate
quantum wells (QWs). Ideally, out-tunneling of each type of carriers from QDs into the opposite-
to-injection-side QW should be completely blocked; as a result, the parasitic electron-hole
recombination outside QDs will be suppressed and the light-current characteristic (LCC) of a
laser will be strictly linear. To scrutinize the potential of a tunneling-injection QD laser for high-
power operation and the robustness of an actual device, our model includes out-tunneling
leakage of carriers from QDs. The numerical calculations are complimented by an analytical
model and closed-form expressions for the LCC and carrier population across the layered
structure are derived. Even in the presence of out-tunneling leakage, the intensity of parasitic
recombination outside QDs is shown to remain restricted with increasing injection current. As a
consequence, the LCC of a tunneling-injection QD laser exhibits a remarkable feature — it
becomes increasingly linear, and the slope efficiency grows closer to unity at high injection
currents. The linearity is due to the fact that the current paths connecting the opposite sides of the
structure lie entirely within QDs — in view of the three-dimensional confinement in QDs, the

out-tunneling fluxes of carriers from dots are limited.

3.1. Introduction

A semiconductor quantum dot (QD) is a zero-dimensional (0-D) heterostructure formed
by growth of an island of a lower band-gap material within a wider band-gap matrix. Due to
quantum-confinement in all three directions, the energy spectrum of electrons and holes is
discrete in a QD. There has been much effort to use QDs as an active region in diode lasers. In

the ‘conventional’ design of QD lasers, the carriers are first injected from the cladding layers into
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a bulk reservoir, which also serves as the optical confinement layer (OCL) and includes a two-
dimensional (2-D) wetting layer, and then captured into QDs. Fig. 3.1 shows the energy band
diagram of a conventional QD laser and the main processes. Due to bipolar (i.e., both electron
and hole) population in the reservoir, a certain fraction of the injection current goes into the
electron-hole recombination there (vertical arrows @ in Fig. 3.1). The parasitic recombination
outside QDs is a major source of temperature-dependence of the threshold current. In addition,
the carrier capture from the reservoir into QDs is not instantaneous. For this reason, the carrier
density in the reservoir and hence the parasitic recombination rate rise, even above the lasing
threshold, with injection current. This leads to sublinearity of the light-current characteristic
(LCC) and limits the output power (Fig. 3.2), especially at high pump currents [1]-[3]. Hence,
suppression of this parasitic recombination would be expected to significantly enhance the
temperature stability and the output optical power of a laser.

In [4]-[6], to suppress the recombination outside QDs and thus to significantly improve
the temperature-stability of the laser, tunneling-injection of both electrons and holes into QDs
was proposed from two separate QWs.

In this chapter, we develop a comprehensive theoretical model for the optical power of a

tunneling-injection QD laser [Al]-[A3]*).

3.2. Theoretical model

The energy band diagram of the structure is shown in Fig. 2.2 in chapter 2. A single layer
with QDs, located in the central part of the OCL, is clad on each side by a thin barrier and a QW.
Electrons (holes) are injected into QDs by tunneling from the left- (right-) hand-side QW. The
key idea of the device is that the QWs are not connected by a current path that bypasses QDs,
which in particular assumes that (7) there is no thermal escape of carriers from the QWs over the
barriers separating them from the QD layer, and (i) there is no tunneling between the QWs
through the material separating QDs in the QD layer. To realize this idea, certain conditions must
be met, which were described in [4]-[6]. We discuss in this section the details of our extended

model for a tunneling-injection QD laser.

) “A” in the reference number indicates the publications of the author of this dissertation.
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Fig. 3.2. LCC of a conventional QD laser. (Reprinted from Fig. 15 of ref. [3],
Copyright (2000), with permission from Elsevier.)
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3.2.1.

1)

2)

3)

4)

Main assumptions

Fig. 2.2 shows the most optimum situation [4]-[6], when the lowest subband edge for
majority carriers in the QW is in resonance with the energy level for the corresponding
type of carriers in the average-sized QD, and hence the tunneling-injection rate is at its
maximum. To also account for other possible situations, our model includes both direct
and indirect tunneling — the effective tunneling rate from the entire QW-subband into
the QD ensemble is used (see below).
Ideally, there should be no second tunneling step, i.e., out-tunneling from QDs into the
‘foreign” QWs (electron-injecting QW for holes, and hole-injecting QW for electrons).
As a result, there will be no electrons (holes) in the hole- (electron-) injecting side of the
structure. As shown below, the total suppression of bipolar population and, consequently,
of recombination outside QDs leads to an ideal LCC (i.e., a linear LCC with the slope
efficiency equal to unity).

Out-tunneling into the foreign QWs cannot be completely blocked in actual devices.
Fig. 2.2 shows an optimized structure, in which the lowest subband edge for minority
carriers in the QW is misaligned from the energy level for the corresponding type of
carriers in the average-sized QD. Even in such a structure, there will be an indirect out-
tunneling (shown by the inclined arrows in Fig. 2.2 in chapter 2) — electrons (holes) as
minority carriers will appear in the hole- (electron-) injecting QW. Then they will
thermally escape to the right- (left-) hand side of the OCL where holes (electrons) are the
majority carriers. As a result, a bipolar population will establish outside QDs, and
parasitic recombination will occur. Our model includes these processes and addresses
their effect on the device characteristics.
We reasonably assume that the conduction (valence) band offset at the heteroboundary
between the p- (n-) cladding and the OCL is large enough to block the further thermal
escape of electrons (holes) to the p- (n-) cladding layer. In such a typical situation, the
current in the p- (n-) cladding (including the boundary with the OCL) is purely hole
(electron) current. Hence, the total injection current density j will enter into the rate
equation for free electrons (holes) in the left- (right-) hand side of the OCL [see equations
(2.2) and (2.4) in chapter 2].

The internal optical loss, aiy, 1S set zero here.
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3.2.2. Rate equations and main notations

Our model is based on rate equations, which include the main processes in the layered
structure. With the above assumptions, we have the set of equations (2.2)—(2.12) in chapter 2.
The fluxes and physical quantities entering into (2.2)—(2.12) are presented in Tables 2.1 and 2.2,
respectively.

We denoted the thermal escape times of electrons and holes from the QWs to the OCL by

t-R and the capture velocities from the OCL to the QWs by v:F These quantities are

n,p,esc n,p, capt *
related to each other. It is the capture velocity that describes the carrier capture to a QW [7, 8].

The general expression relating and v is derived in Appendix I using the detailed

n,p, esc n,p, cap[
balance condition. For undoped OCL and QW, the relation reads as follows:
2D 2D
T ese = L X , T ese = L N , (3.1)

n, esc p, esc
nl p, capt p 1

n, capt

where N2 =mQ'T/ (ﬂh2> are the 2-D effective densities of states in the conduction and

valence bands in the QWs, mSXJ are the electron and hole effective masses in the QWs, and the

temperature 7 is measured in units of energy.

The quantities n; and p, are

(3.2)

T

AE — gV
’ T

AE, — "
nlszDexp(—A #],

b= NiD eXp [_

where N = 2[mOCLT / (27zh2)]3/2 are the three-dimensional (3-D) effective densities of states in

(Y

OCL

c,v

the conduction and valence bands in the OCL, m__ "~ are the electron and hole effective masses in

the OCL, AE,, are the conduction and valence band offsets between the OCL and the QW

(Fig. 3.3), and gfzv are the energies of the lowest electron- and hole-subband edges in the QW
(Fig. 3.3).

We exploit four tunneling coefficients, w**  (measured in units of cm?/s), for electron

n,p, tunn
and hole tunneling between the QD ensemble and the QWs. These tunneling coefficients are

primarily controlled by the thicknesses and material parameters of the barriers, and by the QD
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and QW parameters as well. In a properly designed structure, w" and w* __ should be large,

n, tunn P, tunn
and w’ —and w' small
p, tunn n, tunn ‘
The quantities n>*™ and p/*°" entering into the electron and hole tunneling fluxes

from the QD ensemble to the QWs [see (2.6)—(2.11)] are measured in units of cm?. The general
expressions for n>" and p?" are derived in Appendix II. In the case of an undoped QW and a

resonance between the energy level in a QD and the lowest subband edge in a QW,
Y =N, P =N (3.3)

As seen from (2.2)—(2.9), the equations for the carrier densities in the right-hand-side QW
and OCL are similar to those in the left-hand side. For this reason, we will analyze the rate
equations and their solutions for the carrier densities in the left-hand side only. The solutions in
the right-hand side are easily obtained from those in the left-hand side by an exchange between
the electron and hole densities “»” and “p” and the left- and right-hand-side indices “L” and “R”.

To optimize the device, it is desirable to maximize the net in-tunneling flux of electrons,
W Vs (1= f) 6w = Wean @ N f, » from the electron-injecting QW into QDs in (2.6) and
(2.10) and minimize the net out-tunneling flux of holes, wy ... pi"® Ny f, =’ . Ns(1= £) P »
from QDs to the electron-injecting QW in (2.7) and (2.11).

The flux of electron (and similarly hole) tunneling from a QD ensemble to a QW can be

written as
W g N =N (3.4)
n,tunn’’1 S/n T 'S _QD->QW .
n,tunn
where
1
QD->QW _
2-n,tunn - QW (3 . 5)
W, M

n,tunn

can be viewed as the tunneling time from a QD to a QW.

The flux of electron tunneling from a QW to a QD ensemble can be written as

n
W Vs (1= /2 Dt =~ 50 » (3.6)

n,tunn

where
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TQW —QDs
QW —QDs __ "n,tunn,0 (37)

n, tunn ?
can be considered as the tunneling time from a QW to a QD ensemble, and

QW—QDs __ 1 (3.8)

n,tunn,0 -
W, Vs

n,tunn

T

can be correspondingly considered as the tunneling time into an unoccupied QD ensemble (when
Sfn=0).

As seen from (3.5) and (3.8), the tunneling times 72> ><%

n,tunn

QW —QDs
n, tunn,0

and 7 are not the same.

QD—-> QW
n,tunn

QW —QDs
n, tunn,0

In contrast to 7 , which describes tunneling from an individual QD to a QW, ¢

describes tunneling from a QW to the entire QD ensemble — the surface density of QDs, Ng, i.¢.,

a characteristic of the entire QD ensemble, enters into eq. (3.8) for 72 %™ Both 72> and

n,tunn n, tunn

QW —QDs
n, tunn,0

T For these reasons and to avoid

are expressed in terms of a single coefficient w,

,tunn *

QD—->QW
n,tunn

QW —QDs
n,tunn

possible confusion, we will not use here two separate times 7 and 7 for tunneling

between a QD ensemble and a QW. Instead, we use a single parameter — the tunneling

coefficient w

n,tunn *

3.3. Results and discussion

We consider a continuous-wave operation of the laser and correspondingly use the

steady-state rate equations in chapter 2

0
a(blnu bip., byng, bypg, néWa péwv HSWa pSWa Ngfys stpa N): 0, (3.9)

which are eleven equations in total. These equations do not, however, constitute a complete set
for finding eleven unknowns (n,, p,, ny, Pr» fow > Pows Mow » Pows Jus fo» and N). It is
easily shown that only nine out of ten equations (2.2)—~(2.11) are independent at the steady-state,

which is to say that the set should be complemented by one more equation. The equation is

provided by the condition of charge neutrality in QDs (see below).
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Fig. 3.3. Conduction band diagram in the left-hand (electron-injecting) side of the
structure. The Fermi level 4 is shown solely as an illustration to the derivations of
Appendixes I and II for the equilibrium case. No equilibrium is assumed under lasing
conditions.

Above the lasing threshold, the number of stimulated photons is nonvanishing (N # 0).

To satisfy eq. (2.12) at the steady-state at nonvanishing N, the following lasing condition should
hold:

g“‘“(fn +fp—1)=/3, (3.10)

which is the condition of equality of the modal gain to the mirror loss at and above the lasing
threshold (the internal optical loss is not considered here — see assumption # 4).

Using the steady-state rate equations and introducing the photon lifetime in the cavity,

e (3.11)

ph c ﬂ’

T

the following expression is obtained for the number of photons N and output power P:

P= ha)rﬁ = hja)S[j —eNj % - eBanéwpéw - eBangwpgw —ebBn, p, - ebZBanR] , (3.12)
ph QD
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where /iw is the photon energy. Expression (3.12) is general and holds no matter what a specific
model is for the carrier capture from the OCL to QWs, escape from QWs to the OCL, and
tunneling between QWs and QDs. What it means is that the stimulated emission is produced by
an excess of the injection current density j over the current densities of spontaneous
recombination in QDs (second term in the brackets), QWs (third and fourth terms), and OCL
(last two terms).

The confined-carrier level occupancies in QDs, 2D-carrier densities in the QWs, and free-
carrier densities in the OCL depend on the pump current density j. To calculate the LCC [i.e., P
versus j given by (3.12)], these dependences should be found from the solution of the rate
equations. We start with an ideal structure and next consider a structure with out-tunneling

leakage from QDs.

3.3.1. Ideal structure: no out-tunneling from QDs, no recombination outside

QDs

and w¥

n,tunn

If out-tunneling from QDs into the foreign QWs is completely blocked [w}f

,tunn
are set zero in the rate equations (2.2)—(2.12)], there will be no minority carriers outside QDs

(p,, péw , ngw , n, = 0). The injection current will entirely go into the spontaneous and

stimulated recombination in QDs. Eq. (3.12) will read as

P:h—wS(j—eNS fnfpl. (3.13)

e Top

In general, the level occupancies f, , and hence the spontaneous recombination current
density in QDs, eNg ( futs/ TQD), can depend on the injection current density j. Whatever the
dependence is, f,  cannot exceed unity; consequently, eN; ( NN TQD) cannot exceed eNg /7, .

For typical values of the surface density of QDs Ny (below 10'' cm™) and spontaneous radiative

recombination time in QDs 7, (around 1 ns), eNg /7, is less than 20 A/cm’. This means that

for j > 100 A/cm?, the spontaneous recombination term can be safely neglected compared to ; in
(3.13). Hence, the LCC of an ideal tunneling-injection QD laser, in which out-tunneling from

QDs is completely blocked, is virtually linear and the slope efficiency is unity. The reason is that
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the only remaining channel of nonstimulated recombination in this case is the spontaneous
recombination in QDs, which is weak.

Let us show that the initial portion of the LCC [for which the term eNg ( N rQD) cannot
be neglected in (3.13)] is also linear. If charge neutrality holds in QDs ( f, = f,), we immediately

obtain from (3.10) that the level occupancies are pinned at their threshold value and do not

depend on the injection current,

fn=fp=l(1+ ’faxj=const(j). (3.14)
g

In this case, eNj ( A / TQD)= const(j). As discussed in [2] in the context of conventional QD
lasers, violation of charge neutrality ( f, # f,) can disrupt pinning the level occupancies and lead

to their dependence on the pump current (just as it leads to the temperature-dependence [9, 10]).

Denoting A = f, — f , we have from (3.10)

£00) =%[1+ faxjﬂA(j), (3.15)
g 2

«_9

where and “+” correspond to “n” and “p” subscripts, respectively. With (3.13) and (3.15),

the output power can be written as

p(j)%wg{j_%j&[(ngfmj —Az(j)]} (3.16)
QD

Since f, and f, are less than unity, so is their difference A. As seen from (3.16), violation of

charge neutrality in QDs appears as a second-order effect (A*) in the expression for the LCC.
Hence, in both cases of neutral and charged QDs, the LCC of an ideal tunneling-injection QD

laser is also linear at low j.

3.3.2. Structure with out-tunneling leakage from QDs and recombination
outside QDs

In an actual structure, there can be out-tunneling into the foreign QWs (Fig. 2.2 in

chapter 2). For this reason, the electron-hole recombination outside QDs cannot be completely
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suppressed. Hence, the rate equations (2.2)—~(2.12) should be solved in the general case of

and w®

n,tunn *

nonvanishing tunneling coefficients w;

,tunn

We assume charge neutrality in QDs and use (3.14) for the level occupancies. The

derivations lead to a quartic equation in néw , solution of which provides us néw as a function of
j. The other carrier densities in the left-hand side of the structure ( péw ,n,, and p,) are
expressed in terms of néw . Similarly, the carrier densities in the right-hand side are expressed in

terms of pgw . Finally, the number of photons and output power are found from (3.12) as
functions of ;.

Under the conditions of negligible recombination in the OCL (up to high injection current
densities — see Appendix III), solving the rate equations simplifies considerably — closed-form
expressions are obtained for the carrier densities and output power as functions of j
(Appendix IV).

Several general conclusions can be easily made from the analysis of the rate equations.

At the steady-state, eq. (2.3) for free holes in the left-hand side of the OCL can be written

as follows:

_:Vlf,captpL-i_banLpL' (3.17)

Substituting poy/ 7, e = Vacan P2 = 01Bn, p, in (2.7), we have

BZDnéWpéW +bBn,p, = w[f,tunnplL,QWNS]rp - W[f,tunnNS (I- fp)péw . (3.18)

As seen from (3.18), bimolecular recombination in the left-hand-side QW and OCL is entirely

due to the net out-tunneling of holes from QDs to the QW.

Substituting v, ..., =gy / T, = j/€—bBn, p, [see (2.2)] in (2.6), we have

n,esc

Banéwpéw +bBnyp, = é_ [WL Ns(1- fn)néw ~Woamt " N f, ] (3.19)

n, tunn n,tunn

As seen from (3.19), the flux of bimolecular recombination in the left-hand-side QW and OCL

can alternatively be presented as the difference of the electron injection flux j/e and the net in-
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tunneling flux of electrons from the QW to QDs. In other words, the electron flux, which does

not enter QDs, can only be consumed via recombination with holes outside QDs.

L

By dropping in (3.18) the flux w, .. No(1—f,) péw of backward tunneling of holes from

the electron-injecting QW to QDs, we get the upper limit for the parasitic recombination flux in

the left-hand side of the structure. Since f, / <1, this limit, which presents the out-tunneling flux
wﬁmm N, S, of holes from QDs to the foreign (electron-injecting) QW, is itself restricted

and cannot exceed wﬁmnn pr ™ Ny at any j (under the condition of charge neutrality [see (3.14)],

W umPi L Ny f, is pinned and does not change with /). Consequently, the recombination flux in

the left-hand-side QW and OCL is limited by wﬁmnn pr N,
Bophiy Pow + 5B, pp < Wy Pl Ny fy < Wy Pi ™" Ny = const.  (3.20)

The parasitic recombination current density [the sum of the last four terms in the

brackets in (3.12)] and the out-tunneling current density,

_ L L,QW R R,QW
- ewp,tunnpl NSf;) + ewn,runnnl NSfl‘] s (321)

] out—tunn

are shown in Fig. 3.4 versus the excess injection current density j — ji (solid curve and horizontal
dashed line, respectively).

The fact that the parasitic recombination flux outside QDs remains limited with increasing j
is due to a 0-D nature of QDs — QDs constrain the carrier transfer between the opposite sides of
the structure. If a QW or quantum wires would be used instead of QDs, the out-tunneling fluxes
would be controlled by the 2-D or 1-D carrier densities, which, unlike f, ,, would not be limited;
accordingly, the parasitic recombination flux would not be limited.

With (3.18) and a similar equation for the right-hand side of the structure, eq. (3.12) can be
rewritten as follows:

P - h_a)S j_eNS ﬂ‘]pp _eWL,tunnplL’QWNSfl‘a _eWR an,QWNan

p. n,tunn

e T,
o (3.22)
+ eWpL,tunnNS (1 - fp)péw + ewlf,tunnNS (1 - fn )n(I;W :|
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Fig. 3.4. Parasitic recombination current density in the QWs and OCL (solid
curve) and current density of out-tunneling from QDs to the foreign QWs
(horizontal dashed line) against excess injection current density. A GalnAsP
heterostructure lasing near the telecommunication wavelength 1.55 pm is
considered here. Room-temperature operation is assumed (7 = 300 K). The
parameters of the structure are as follows: 6 = 0.05 (10% QD size
fluctuations), Ns=6.11 x 10" cm™, L =1.139 mm, R=0.32, B=10cm™, W
=2pum, 7op = 0.71 x 107 s, g™ =29.52 cm™, by = b, = 0.14 pm, v-F =

n,p,capt
3x10°cm/s, A = 1.58 um, B = 1.27 x 10"’ cm?/s, and Byp = 2.8 x 10-
4 cm?/s. In Figs. 2.3-10, the tunneling coefficients are as follows unless
otherwise specified: w),.. = 0.073 em’/s, w',.. = 0.04 cm™/s, wt =

p,tunn n,tunn

0.013 cmz/s, and w®  =0.058 cm?/s. The threshold current density is jy =

p,tunn
389 A/em’. (Reprinted with permission from Fig. 2 of ref. [A1]. Copyright
[2008], American Institute of Physics.)
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Whatever the dependences of péw and ngw on j, it is clear from (3.22) that by dropping

the last two terms in the brackets (the current densities of backward tunneling of minority

carriers from the foreign QWs to QDs) we will obtain the lower limit for the output power,

Plowest — h(()

e S(] - eNS f;lj;) - ew}itunnplL’QwNSf;) - ewrftunnan,QWNanj . (323)

Top

Since fnp < 1, the last three terms in the brackets in (3.23) remain restricted with increasing
j. Under the condition of charge neutrality in QDs, they are constant and, as clear from (3.22)

and (3.23), their sum presents the upper limit for the threshold current density,

.highest __ fnfp I L,QW R R,QW
]th - eNS T + ewp,tunnpl NS](;) + ewn,tunnnl NS]; . (324)
QD

With (3.24), eq. (3.23) reads as
Plowest — hja)S(j_jthhighSSt)- (325)

The upper limit for the output power is obtained in an ideal structure discussed above and is

given by (3.13), which we rewrite as follows:

Phighest — hjws(j_jtl}(l)west)’ (326)

where

Sl

Top

-lowest __
Jin =eN N

(3.27)

is the lower limit for the threshold current density.

As seen from (3.25), the lower limit for the LCC is linear (dash-dotted line in Fig. 3.5)
and its slope efficiency is unity. It is parallel to the upper limit [given by (3.26) and shown by the
dashed line in Fig. 3.5] and shifted from the latter by the amount of the out-tunneling current

density,

j out—tunn *
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Fig. 3.5. Light-current characteristic of a tunneling-injection QD laser (solid curve)
at different values of the out-tunneling coefficient W]f,mnn3 (a) 0.04, (b) 0.1, and (¢)
0.16 cm?/s. The threshold current density is ji, = 389, 457, and 479 A/cm” in (a), (b),
and (c), respectively. The dashed line is the LCC of an ideal structure given by

(3.26); jev' = 6.21 A/lem® [see (3.27)]. The dash-dotted line is the asymptote

given by (3.25); jhe [see (3.24)] is 1323, 3242, and 5161 A/ecm’ in (a), (b), and
(c), respectively. (Reprinted with permission from Fig. 2 of ref. [A1l]. Copyright
[2008], American Institute of Physics.)
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Hence, the actual LCC (obtained from the solution of the rate equations and shown by the
solid curve in Fig. 3.5) is confined between the two parallel lines given by (3.25) and (3.26)
(dash-dotted and dashed lines in Fig. 3.5). As seen from the figure and analysis below, the lower
limit (3.25) presents the asymptote of the actual LCC at high injection currents.

From (3.22), we have for the slope efficiency (external differential efficiency)

R
next 1 6P_1+ew tunnN (1 f) pQW +eWntunn S(l_f;’l) nQW
ha)S 8] P

e

(3.28)

Since 7.x: should not be higher than unity, the derivatives of péw and ngw with respect to j

should be negative — the minority carrier density in each of the two QWs decreases with j
(Fig. 3.6). Hence, the last two terms in the brackets in eq. (3.22) decrease with increasing j and
the LCC asymptotically approaches the straight line given by (3.25) (Fig. 3.5).

The output power can be written as

P(j)= S Jaim(J) = —S(J Jo) i (J) 5 (3.29)
where
. e N
Jeim =— — (3.30)
S Ton

is the stimulated recombination current density and

My =250 (3.31)

J = Jmn
is the internal differential quantum efficiency. Since the parasitic recombination current density
remains restricted [see (3.20) and Fig. 3.4], 7, which presents the fraction of the excess
injection current density j — ji, that goes into the stimulated emission, should rise with j (dashed
curve in Fig. 3.7). As a result, the LCC should become increasingly linear (Fig. 3.5).
With (3.29), the slope efficiency 7.y is expressed in terms of 7iy,

next nlnt + (.] ]th) 77]1Ht * (332)
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Fig. 3.6. Minority carrier density in the left-hand-side QW (left axis) and
OCL (right axis) against excess injection current density. In view of a linear-

proportionality relationship (A24), the same curve depicts péw and p, .
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Fig. 3.7. Internal quantum efficiency (dashed curve) and slope efficiency
(solid curve) against excess injection current density. (Reprinted with
permission from Fig. 3 of ref. [A1]. Copyright [2008], American Institute
of Physics.)
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Fig. 3.8. Majority carrier density in the left-hand-side QW (solid curve, left
axis) and OCL (dashed curve, right axis) against excess injection current
density.

Since 7 increases with j, 7.x (solid curve in Fig. 3.7) also increases and is higher than 7, as is
clear from (3.32). We did not consider the internal optical loss aiy; the inclusion of ajy will
reduce the optical efficiency of the cavity, f/(f+ ctint), and hence 7ex.

The density of minority carriers in the left-hand-side QW and OCL is shown in Fig. 3.6.
As discussed above, the minority carrier density in the QW (holes in the left-hand side) decreases
with j. The minority carrier density in the OCL is directly related to that in the QW [see eq.
(A24) in Appendix IV] and hence also decreases.

The density of majority carriers in the left-hand-side QW and OCL is shown in Fig. 3.8.
Since majority carriers (electrons in the left-hand side) are supplied by injection, their density in
the OCL and QW increases with pump current.

Auger recombination of electrons with holes in the OCL and QWs can be easily included
in our model. In that case, the total parasitic recombination flux (the sum of the fluxes of
bimolecular radiative recombination and trimolecular nonradiative Auger recombination) will
enter into the left-hand side in (3.18) and will be equal to the net out-tunneling flux of minority
carriers from QDs. Hence, the total parasitic recombination flux will remain limited with

increasing j and all our conclusions about the LCC of a tunneling-injection QD laser will hold in
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the presence of Auger recombination. In particular, the lower limit for the LCC and the upper

limit for the threshold current density will be given by egs. (3.23) and (3.24), respectively.

3.3.2.1. Laser characteristics versus tunneling coefficients

As discussed above, due to the fact that QDs are 0-D regions with a limited population

( fop $1), the out-tunneling fluxes of minority carriers from QDs into the foreign QWs

L L,QW R
( 1 ,tunnpl NS.fp a’nd W,

. et N f, ) are also limited [see (3.20)]. Although the level
occupancies f,, depend on the cavity length and other parameters of the structure, they can only
change from 1/2 to 1 in the case of neutral QDs [see (3.14)]. The surface density of QDs can also

be varied within a limited range (typically, from several 10'° to 10" cm™). In contrast to Jop and

and w¥

n,tunn

Ny, the tunneling coefficients w,

unn depend strongly on the barrier thicknesses and
can be easily varied within a wide range. Hence, for a given choice of materials for QDs, barriers,

and QWs, the out-tunneling fluxes of minority carriers are mainly controlled by wﬁmm and

Wf,runn °
As shown in Appendix III, up to high injection current densities, the recombination in the
OCL is negligible. What this means is that the out-tunneling fluxes of minority carriers from

QDs are mainly consumed by the recombination in the QWs. Fig. 3.9 shows ng,, and pg,, and
the recombination current density in the QW, jy =eByyngyPow » versus the tunneling

coefficient w" . The hole density in the left-hand-side QW, which is entirely due to out-

p,tunn

tunneling, increases considerably with w’ . [Fig. 3.9(b)]. The recombination in the QW should
become more intense with increasing w ., . For this reason, the electron density decreases with

. . L
mcreasing wy

,tunn

[Fig. 3.9(a)]; the decrease is however negligible since electrons are majority

L

carriers in the left-hand-side QW. Both néw and péw saturate as w;,,, —> o . The barriers

separating the QD layer from the QWs should block out-tunneling of minority carriers from QDs

yet allowing for in-tunneling of majority carriers into QDs. It is therefore clear that, in the

and w¥

n,tunn

. .. . . . . L
limiting case of infinitely large tunneling coefficients w,

,tunn

for minority carriers, the

tunneling coefficients w®  and w® _ for majority carriers will also be infinitely large. The

n,tunn p,tunn
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expressions for the saturation values of ng,, and pg, [obtained from (A28) and (A29)] are as
follows:

L
nQW

. =n 1 Ju ' (3.33)

C=phv (3.34)

péw 1—

L
Wn,p,tunn ™

=

The horizontal dashed lines in Fig. 3.9(a) and (b) show these saturation values.

Due to the saturation of néw and péw, the recombination current density in the QW,

Jow = €Byphgy Pow » also saturates with increasing wi .. [Fig. 3.9(c)].

tunn

With the equilibrium level occupancies in a QD,

1
Jop = o, , (3.35)
exp| —2—"F |+1
where 83}? are the energy levels of an electron and a hole in a QD and g, , are the quasi-Fermi

levels of electrons and holes, we would obtain from (3.33) and (3.34) the equilibrium densities in

the QW,

QW £V _
ngw = NZ2¥exp N , Pow =N exp| ——2—-L ) , (3.36)
T T
where 8:3:\/ are the energies of the electron- and hole-subband edges in the QW (the quantities

for electrons, £2°, £V, and 4, are shown in Fig. 3.3). Hence, expressions (3.33) and (3.34)

present the quasi-equilibrium relation between the carrier densities in the QW and level-

occupancies in a QD; this is easily understood — the limiting case of wf’pRmnn — o describes an

instant carrier exchange between the QWs and QDs.

Eq. (3.34) can also be readily obtained from (A30) by neglecting at large w]f the

,tunn

recombination flux in the QW, an”éw péw , compared to the fluxes of out-tunneling from QDs,

L

WPt Y Ny f, , and backward-tunneling into QDs, wy .. Ng(1— ) pgy - The balance between

the two tunneling fluxes yields the quasi-equilibrium relation (3.34).
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Fig. 3.9. 2-D density of electrons (a) and holes (b) and recombination
current density (c) in the left-hand-side QW against out-tunneling

coefficient at an infinitely large in-tunneling coefficient (w"__ —> o). The

n,tunn
injection current density is j = 10 kA/cm?”. The horizontal dashed lines in
(a) and (b) show the saturation values of ngy, and pg,, given by (3.33)

and (3.34), respectively. The horizontal dashed line in (c¢) shows the
saturation value of j5y = eByp gy Pow -

65



i,
, /mﬂm

il

| ]'y ”Il“ 7
f/%ﬁ{l’!’!!illllm%%{{l ;m
I

| m,,i,‘g “||} ‘l\\\\\l\lllllﬁn
""'ﬂlﬂlllllm ' IIIII i
i

i
\\\“‘\l\lﬁ“‘:{‘l‘l‘l\‘l\‘\\\|\m i
| “\\“ﬁﬁm‘\m\\\\l\nnm

it

A
;

— |

o
M’ﬂwéﬁ%ﬂ,”ﬁ\“ I

|
, ““‘“.
Al

o

Fig. 3.10. Threshold current density against out-tunneling coefficients at
infinitely large in-tunneling coefficients (W, ., Wi —> % ). The jin
value at w;mnn, wﬁmm =0 (the ideal case) is given by (3.27) and is

6.21 A/cm®. The saturation value of jy, is given by (3.37).

Since the recombination current density outside QDs [the sum of the last four terms in the

brackets in (3.12)] increases and saturates with increasing wlf and w" so does the

,tunn n,tunn ?

threshold current density (Fig. 3.10). As a result, the output power (at a given injection current)
decreases and also saturates (Fig. 3.11). The expression for the saturation value of jy, can be

obtained by assuming that, in addition to instant exchange between the QWs and QDs, the carrier

LR

exchange between the OCL and QWs is also instantaneous (v’

: LR
peapt —> 2 O, equivalently, 7,"

— 0). In such a case, quasi-equilibrium distributions will establish for electrons and holes

throughout the structure and the threshold current density will be given by

J . =eN Dl eBzD("f’QW A](pf‘)w LJ (3.37)

Wb tumn  Varpapt =% Top 1- f;n 1- fP

R,QW fn R,QW fp L fn L p R fn R p
+eBZD[n1 —l_fnj[pl —l_pr+eblB(n1 l_fnj(pl l—fp}_esz(nl l_fnJ(pl 1—fp}
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Fig. 3.11. Optical power against out-tunneling coefficients at
infinitely large in-tunneling coefficients (W, .., Wi —> ). The

injection current density is j = 10kA/cm®. The P value at
W s Waum =0 (the ideal case) is given by (3.26) and is

179 mW. The saturation value of P is given by (3.38).

where the terms in the brackets are the equilibrium carrier densities in the corresponding parts of

the structure. In Fig. 3.10, j,. R e = 806 A/cm?.

nn > ¥'n,p,capt

The equilibrium carrier densities will not change with increasing injection current above
the lasing threshold. Hence, the spontaneous recombination fluxes will be pinned and the excess
of the injection current over the threshold current will entirely go into the stimulated
recombination — the internal quantum efficiency will be unity. The output power will be given
by

ho (. .
LR LR :_S(]_]th
e

n,p,tunn > Vn,p,capt —®

P

w

e ) (3.38)

LR
W,p,tunn > V,p,cap

In Fig. 3.11, P

o, =165mW atj =10 kA/cm®.

n,p,tunn > ¥ n,p,capt

It should be emphasized that the carrier exchange between the QWs and QDs and

between the OCL and QWs cannot be instantaneous in an actual structure — the conditions
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Wri’p}?tunn — o and vi’ﬁcapt — oo were just used to derive expressions (48) and (49) for the

WL,R

wp.unn —> % does not

saturation values of jy and P. For the same reason, the limiting case of

describe a structure without the barriers — as discussed in the Introduction and in [1, 2], the

carrier capture from the reservoir (be it OCL or QW) into QDs cannot be instantaneous.

3.4. Conclusion

Theory of optical power of a tunneling-injection QD laser has been developed. We have
shown that tunneling-injection of electrons and holes into QDs from two separate QWs
practically eliminates the adverse effect of the recombination outside QDs on the output power
of such a laser. In an ideal device, out-tunneling of each type of carriers from QDs into the
opposite-to-injection-side QW should be completely blocked; as a result, the parasitic
recombination outside QDs will be suppressed and the LCC will be strictly linear. To scrutinize
the potential of a tunneling-injection QD laser for high-power operation and the robustness of an
actual device, we allowed for out-tunneling leakage of carriers from QDs. We have
complemented our calculations by an analytical model and derived closed-form expressions for
the LCC and carrier population in the OCL, QWs, and QDs. We have shown that, even in the
presence of out-tunneling leakage in an actual device, the intensity of parasitic recombination
outside QDs remains restricted with increasing injection current. Consequently, the LCC
becomes increasingly linear, and the slope efficiency grows closer to unity at high injection
currents. The linearity is due to the fact that the current paths connecting the opposite sides of the
structure lie entirely within QDs — in view of the 3-D confinement in QDs, the out-tunneling

fluxes of carriers from dots are limited.
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Appendix |

Relationship between the carrier escape time from a QW to a bulk region

and the capture velocity from a bulk region to a QW

For definiteness, we consider here electrons. The derivation and expressions for holes are

similar. Under thermal equilibrium (no external voltage is applied to the structure and hence no

current is injected), the flux v___n* of electron capture from a bulk region (OCL) to a QW is

n,capt

equal to the flux ng, / 7. .. of the reverse process, i.e., of thermal escape from a QW to a bulk

n,esc

region, to give:

1 n
— =V (A1)
2-n,r:sc nQW

The equilibrium carrier density in a bulk region is
eq _
p = N E/z[ﬂTAE"’]= (A2)

where NP is the 3-D effective density of states in the conduction band [see the expression for
N in the text after (3.2)], F,, is the Fermi-Dirac integral of order one-half, 4* is the

equilibrium Fermi level (measured from the conduction band edge in a QW), and AE, is the

conduction band offset between the OCL and a QW (Fig. 3.3).

The closed-form expression for the 2-D equilibrium carrier density in a QW is (see, e.g.,

[11])

QW

eq _
ni, = N> 11{1 +exp (%H (A3)

where NP is the 2-D effective density of states in a QW [see the expression for N in the text

after (3.1)] and &2V is the energy of the lowest subband edge in a QW (Fig. 3.3).
With (A2) and (A3), (A1) becomes
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K = AE,
L F“Z( r ]

r NP PEREIAY I
e ¢ In|l+exp BT n

Neglecting the difference between the effective masses in a bulk region and a QW, the

(A4)

ratio of the 3-D to 2-D effective density of states can be written as

NPz
s (AS)
c dB, T

where

_ o A6

ﬂdB,T W

is the thermal de Broglie wavelength, i.e., the de Broglie wavelength of an electron having
energy equal to the thermal energy T (alternatively, in an infinitely deep square QW of thickness

At / 2, the energy of the lowest quantized level is 7).

We can now write (A4) as

F

12

H = AE,
T Vn capt
N et (A7)

. @ _ v A
n,esc In |:1 +exp ( M Tgn ]:| dB,T

Eq. (A4) [or (A7)] presents the general relationship between the escape time and capture

1

velocity. If both bulk and QW materials are nondegenerate (the Fermi level 1 is below £V by

several T), which is the case of undoped OCL and QW considered here, then

eq —AE AE |
Fy, [ﬂT] ~ exp(— Tﬂj : (A8)

eq QW QW _ eq
In [l + exp (%H ~ exp[— enT,u) . (A9)

With (A8) and (A9), eq. (3.1) is obtained from (A4), which can also be written in the form of eq.
(1.3) of [7].
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Appendix 11

Quantities n®" and p2" in the tunneling

fluxes of electrons and holes from QDs to a QW

As in Appendix I, we use the detailed balance condition under thermal equilibrium — here,

for the fluxes of carrier tunneling from a QW to QDs, w

n,tunn

Ng(1- f7")ngy » and from QDs to a

QW, w, .. n?V N £, Thus we obtain

,tunn

eq
a = S (A10)

nQW_nl 1— eq

where ng;, is given by (A3) and

S = 1 (Al1)

QD _ , eq i
exp [g“T’uj +1

is the equilibrium occupancy of the energy level £2° in a QD (Fig. 3.3).

With (A3), (A10), and (A11), we have for n"
QD _ ,.eq eq _ QW
2o exp(%Tﬂjh{l ; p(ﬂTH (A12)

If a QW material is nondegenerate (which is the case of an undoped QW considered here),
we have from (A9) and (A12)

QW _ QD
n® = N° exp(— L - & J . (A13)

The quantity 7" (measured in units of cm™) is a 2-D analog of n, (measured in units of
cm™) — while n, characterizes the electron excitation from a QW to a bulk region [and thus
AE, -V and N enter into (3.2)], n?" characterizes excitation from a QD to a QW [which is
why &2V —£9 and N?” enter into (A13)].

If the energy level in a QD is in resonance with the subband edge in a QW (&” = "),

eq. (3.3) is obtained from (A13).
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Appendix 111

Criterion for neglecting the recombination in the OCL

We derive here the criterion for neglecting the recombination flux in the left-hand side of
the OCL compared to the hole capture flux from the OCL to the QW [in view of (3.17), also

compared to the hole escape flux from the QW to the OCL, pQW/ T 1.e., the criterion for

p.esc ]’
holding the inequality

banLpL << V;,captpL ’ (A14)
or, equivalently,

bBn, << v* (A15)

p.capt *

From (2.6) at the steady-state, we have

L

1 n
nL = L SW ntunnN (1 f )nQW étunn ’QWNvf;l +Banéwpéw:|- (A16)

\%

n,capt n,esc

Since the left-hand side in (3.19) is positive, the right-hand side should also be positive to give:

1
néW < N (1 f ) (j + Wntunn ,QWNSf;]j . (A17)
ntunn

Substituting the expression in the right-hand side of (A17) for néw in the first two terms in the

right-hand side in (A16), we obtain the following inequality:

1 1 1 P o o
’ VL {|: TL S W tunn* ' S (1 f ):| TL ! 1 — f 2D prQW ( )

n,capt n,esc n, n,esc n

Substituting w,,.. o N f, for Byyngypoy [see (3.20)] in (A18), a stronger inequality is

obtained,

1 1 1 ] 1 L,QW f L L,QW
n, < 1+ =4+ nott —t—+w N s Al9
L VL {|: Tiesc WitunnNS(l—_f;l):| e Triesc 1 1_];1 ptunnpl S»f;) ( )

n,capt

or, by multiplying both sides of (A19) by 5,5,
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Table 3.1. Highest injection current densities (second and third columns)
satisfying the criteria for neglecting recombination in, respectively, the left-
and right-hand sides of the OCL [see (A21) for the left-hand side] at different
values of the capture velocity from the OCL to the QWs.

Vot (C0/S) j (Alem?) j (Alem?)
3% 10° 7.3 % 10° 7.8 x 10°
3 x 10°* 7.9 x 10* 8.0 x 10*
1 x 10°* 8.3 x 10° 8.9 x 10°
b, < vlzfm {H rf,lesc Wt 1(1 1) e o rf,lesc e lfn S i QWNSf} (A20)

As seen from (A20), a sufficient condition for holding (A15) is the condition that the
right-hand side of (A20) is less than v*

et - LDUS e arrive at the following criterion:

L L
vp,captvn,capt _ 1 L,QW j;q L QWN
Wp tunn 21 N f

hB L B

n,esc

1 1
z-nL,f:sc er,turm NS (1 - j;m )

j<<e (A21)

1+

The capture velocities to QWs are typically on the order of 10° cm/s [7, 12, 13]. The

second column in Table I shows the highest injection current density j satisfying (A21) at

different values of v/ o.capt - EVEN for a low capture velocity of 10* cm/s, (A21) satisfies up to j =

8.3 kA/cm2. Hence, criterion (A21) for neglecting the parasitic recombination in the left-hand
side of the OCL holds up to very high j; that is to say that the out-tunneling flux of minority
carriers from QDs is mainly consumed by the recombination in the QW — this flux practically
does not reach the OCL.

The criterion for neglecting the recombination throughout the OCL is given by the
strongest of inequality (A21) and a similar inequality for the right-hand side of the structure (the
highest j satisfying the inequality for the right-hand side is shown in the third column in
Table 3.1).
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Appendix 1V

Closed-form solutions of the rate equations

As shown in Appendix III, the recombination in the OCL can be neglected up to very
high j. Thus egs. (2.2) and (2.3) are simplified as follows at the steady-state:

/ n
0= i+ wa —VE il (A22)
pL
0 = Z_Lﬂ_v]icaptpL * (A23)

psesc

From (A23), the minority carrier density in the OCL is expressed in terms of the minority

carrier density in the QW,

1
PL=—T—TPow - (A24)

p.capt “ p,esc

From (A22), the majority carrier density in the OCL is expressed in terms of the majority

carrier density in the QW,

1 L J
———nb v —L—. (A25)
n,capt © n,esc evn,capt

n, =

Substituting v, ..., —ngy / Tye. = jle [see (A22)] in eq. (2.6) at the steady-state, we

n,esc

obtain the following equation relating the 2-D electron and hole densities in the QW:

nby = SR A/ S . (A26)
BZDpQW l_f;’l eWn,tunnNS(l_fn)

1+—;
Wn,tunnNS(l_fn)

By using (A23) in eq. (2.7) at the steady-state, we obtain the second [in addition to
(A26)] equation relating néw and péw,

1 pL,QW fp
| .
1=/

L
J (A27)
o BzD”éw

+ L
Wp,turm NS (1 - JFp)
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From (A26) and (A27), a quadratic equation in néw (or péw) is obtained, solution of

which gives néw and then péw as functions of the injection current density J,

2
Nl /, j ", 1
nL - nL,QW n + ___pitunn L.QW P __WL N 1_
o (]) 2 |: 1 l_f;q ewritunnNS (l_f;z) er,tunn pl l_f;q BZD P S( f;))

1
1 f i ?

+4—wh  No(1-f)|n-¥ Loy / A28

BZD P S( ]Fp)|: 1 l_f;l ewtitunnNS(l_f;) ( )

. L
Q¥ Ja n J ~ Woum r.Qw fo 1

W N (1= 1) |,
l_fn ewfitunnNS(l_A) WL P l_fn BZD p, tunn S( fp)

n,tunn

2
pooa 1 LQW fp J Wftunn row . I
Pow(D == 1" - - = —— Wy, Ny (= 1)
o 2’ 1 1 - j;) ew[f,tunn NS (1 - f;)) W;,tunn 1 1 - j;) BZD *
1 /, 2
+4—— Wy N (1= ) p O —— (A29)
B, 1- fp
. L
+ plL,QW fp _] Wn,turm L,QW fn _ 1 L

B - n w- N (1- .
l_fp eWL NS(I—f;)) WL 1 1_];) BzD n,tunn S( ﬁ1)

p,tunn p,tunn

By using (A24), (A25), (A28), (A29), and similar expressions for the carrier densities in the
right-hand side of the structure, a closed-form expression for the LCC is obtained from (3.12).

By analyzing eq. (3.28) in the general case, we already showed that the minority carrier
density in the QW decreases with increasing j (Fig. 3.6). This result can also be easily obtained
from (3.18). Neglecting the recombination flux in the OCL in (3.18), we get

L L L

Wp,tunnNS (1 - fp)péw + BZDnéWpéW =W ,tunnpl ,QWNSf]‘D . (A30)

p

The right-hand side of (A30) remains limited (constant if charge neutrality holds in QDs) with ;.

Since the majority carrier density (néw) should increase with j (Fig. 3.8), keeping limited the

left-hand side of (A30) requires decreasing péw. The decrease of péw with j can also be seen

from the analytical expression (A29).
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Chapter 4

Effect of the Wetting Layer on the Output Power of a

Tunneling-Injection Quantum Dot Laser

Summary

To suppress bipolar population and hence electron-hole recombination outside quantum
dots (QDs), tunneling-injection of electrons and holes into QDs from two separate quantum wells
was proposed earlier. Close-to-ideal operating characteristics were predicted for such a
tunneling-injection laser. In the Stranski-Krastanow growth mode, a two-dimensional wetting
layer (WL) is initially grown followed by the formation of QDs. Due to thermal escape of
carriers from QDs, there will be bipolar population and hence electron-hole recombination in the
WL, even in a tunneling-injection structure. In this chapter, the light-current characteristic (LCC)
of a tunneling-injection QD laser is studied in the presence of the WL. Since (i) the opposite
sides of a tunneling-injection structure are only connected by the current paths through QDs and
(i) the WL is located in the n-side of the structure, the only source of holes for the WL is
provided by QDs. It is shown that, due to the zero-dimensional nature of QDs, the rate of the
hole supply to the WL remains limited with increasing injection current. For this reason, as in the
other parts of the structure outside QDs (quantum wells and optical confinement layer), the
parasitic electron-hole recombination remains restricted in the WL. As a result, even in the
presence of the WL, the LCC of a tunneling-injection QD laser becomes increasingly linear at
high injection currents, which is a further demonstration of the potential of such a laser for high-

power operation.

4.1. Introduction

Semiconductor quantum dots (QDs) can be conveniently used as an active medium for
stimulated emission in injection lasers [1]-[7]. Conventionally, QDs are grown by a strain-
induced island formation method, which is called as the Stranski-Krastanow growth mode [8]. In

the Stranski-Krastanow growth mode, several monolayers of one material are grown first on a
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crystal surface of another material (substrate) having a different lattice constant. Beyond a
critical thickness of the deposited layer, three-dimensional (3-D) islands (QDs) start forming
from two-dimensional (2-D) monolayers thus partially relaxing the strain and reducing the elastic
energy. The initially grown monolayers are called as the wetting layer (WL). Hence, the 2-D WL
is inherently present in self-assembled Stranski-Krastanow grown QD structures [9]-[13].
Fig. 4.1 shows the TEM image of self-assembled Stranski-Krastanow grown QDs and the WL.

In the conventional design of QD lasers, the carriers are first injected from the cladding
layers into the optical confinement layer (OCL), and then captured into the WL and QDs
(Fig. 4.2). A certain fraction of carriers thermally escapes back from QDs to the WL and OCL.
Due to bipolar (both electron and hole) population in the OCL and WL, parasitic electron-hole
recombination occurs there [14]-[16] in addition to recombination in QDs.

To suppress the parasitic recombination outside QDs, tunneling-injection of both
electrons and holes into QDs was proposed [17]-[19]. As shown in chapter 3, in such a tunneling
injection QD laser, the parasitic recombination rate remains restricted even if there is out-
tunneling leakage of carriers from QDs [Al]-[A3]*). As a result, the light-current characteristic
(LCC) of a tunneling-injection QD laser is essentially linear. No WL was assumed in the
structures of [17]-[19], [A1]-[A3]. If the Stranski-Krastanow mode is used for the growth of QDs,
the WL should be properly taken into account. As seen from Fig. 4.3, even if there is no
tunneling between the electron-injecting quantum well (QW) and the WL, there will be bipolar
population in the WL. This is because (7) there is such population in QDs (which is maintained to
have stimulated emission) and (ii) the WL is coupled to QDs by the processes of thermal escape
and capture. Besides, while QDs present the sole source for the hole supply to the WL, electrons
can directly tunnel to the WL from the electron-injecting QW (Fig. 4.3). Hence, even in an ideal
case of total suppression of parasitic recombination in the QWs and OCL, such recombination
will occur in the WL [A4, A5].

In this chapter, we develop a theoretical model for the optical power of a tunneling-

injection QD laser, which includes the WL and processes therein.

) “A” in the reference number indicates the publications of the author of this dissertation.
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Fig. 4.1. Cross-sectional bright field image of vertically aligned
InAs/GaAs QD layers with the WLs. (Reprinted from Fig. 5 of
ref. [13], Copyright (2009), with permission from Elsevier.)
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Fig. 4.2. Energy band diagram of a conventional QD laser with the WL and the
main processes: (D carrier injection from the cladding layers to the OCL, @
spontaneous recombination in the OCL, (3 carrier capture from the OCL to the
WL and thermal escape from the WL to the OCL, @ spontaneous recombination
in the WL, (® carrier capture from the WL into a QD and thermal escape from a
QD to the WL, ® spontaneous and stimulated recombination in a QD, (7 carrier
capture from the OCL into a QD and thermal escape from a QD to the OCL.
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Fig. 4.3. Energy band diagram of a tunneling-injection QD laser with the WL and
the main processes: (D carrier injection from the cladding layers to the OCL, 2
majority carrier capture from the OCL to the QW and thermal escape from the QW
to the OCL, 3 majority carrier tunneling-injection from the QW into a QD, @
electron tunneling from the QW to the WL, (5 thermal escape from a QD to the WL
and capture from the WL into a QD, ® spontaneous and stimulated recombination
in a QD, (D) spontaneous recombination in the WL, ® out-tunneling from a QD into
the “foreign” QW, 9 hole tunneling from the WL into the electron-injecting QW,
spontaneous recombination in the QWs, @) minority carrier thermal escape from

the QW to the OCL and capture from the OCL to the QW, and @2 spontaneous
recombination in the OCL.
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4.2. Theoretical model

Fig. 4.3 shows the energy band diagram of a tunneling-injection QD laser with the WL,
which follows the barrier separating the electron-injecting QW from QDs. As seen from the
figure, the holes can only be supplied to the WL by thermal escapes from QDs. In contrast, in
addition to thermal escapes from QDs, electrons can directly tunnel to the WL from the left-
hand-side (electron-injecting) QW.

We assume that the material separating QDs in the QD layer (it may be the same as the
material of barriers) has high enough bandgap to suppress all tunneling other than via QDs, in
particular, tunneling between the QWs, and between the hole-injecting (right-hand side) QW and
the WL. Hence, the opposite sides of the structure are only connected to each other by the
current paths through QDs.

We use the following set of rate equations:

for free electrons and holes in the left-hand side of the OCL,
.l

e T

n,esc

n,—bBn,p,, 4.1)

op, Do
bt = b BB, (4.2)

psesc

for free holes and electrons in the right-hand side of the OCL,

op J pgw
b, a—tR =t R Ve o Pr — Dy Brg Py (4.3)

psesc

R
anR _ nQW R
2 ﬁt - TR n,capt

n,esc

ng —b,Bn,p,, (4.4)

for electrons and holes in the electron-injecting (left-hand-side) QW,

on’ nk
QW L QW L L L LQW
=V n _Wn,tunnNS(l_fn)nQW+Wn n Nan

neapt' 'L~ L Ltunn
at 7’—n,esc (45)
QWOWL ~WL. L QWOWL A 7QW L I
~ Wy tunn 1 Pow T Waum Noophy — BzD”prQw >
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apL pL
o :vlicaptpL - LQW _wp tunn S(1 f)pQW ptunnpl QWNSf

ot (4.6)

p.esc

QW WL NWL L QW& WL L L
Wp tunn pQW Wp tunn N ZDpWL BZDnQW pQW ’

for holes and electrons in the hole-injecting (right-hand-side) QW,

Py Pg
- = V]f,captpR _$_W§,mnnNS(1_\]rp)p§W tunnle QW Sf;a _BZDnnggW’ (47)

ot p.esc
ong nk
QW _ R QW R R,QW R R
ot - vn,captnR TR n tunn N (1 f )nQW Wi tunn NSf;‘l - BZDnQWpQW > (48)

n,esc

for electrons and holes confined in QDs,

N, aaft = N U= L = W8Ny N1 £ )y = N ,

n,tunn” ' S n,tunn
4.9)
Mty e (
n CaptN (1 f )nWL n ,capt 1 Sf N L~ g (f + f )
Too A& S
Nafp—R Ny( X Y Ny(1- POV N
SE_ Wp,tunn S( _f;))pQW tunnpl Sf W ptunn ( f )pQW turmpl Sf
4.10)
ff ¢ g™ (
+Wp,captNS (1 _f;))pWL _Wp,captPIWLNSf;) _N S f +J(p _I)N
i
for electrons and holes in the WL,
on
% = Wn,capt Sf ncapt S (1 - j;1)nWL (41 1)
+ WSX:QWL iWLnéw WSX;:WLN 20w — B,phy Py s

apWL = catpl W Sf catNS(l_f)pWL

or P Wcar P (4.12)
+ WSX;)WL NWLpéW I?X;)WLN pPwi ~ Baplw Py s
and for photons,

N __¢ € BN, (4.13)

= ZEgmax(fn + 1, —I)N—Eﬂ
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In eqgs. (4.1)-(4.13), b; (b,) is the thickness of the left- (right-) hand side of the OCL [the
separation between the n- (p-) cladding layer and the left- (right-) hand-side barrier — Fig. 4.3]

and n; (ng) and p; (pr) are the free-electron and -hole densities there, j is the injection current

density, e is the electron charge, ngy (ngy ) and pgy ( poy) are the 2-D electron and hole

densities in the left- (right-) hand-side QW (Fig. 4.3), nwL and pwy are the 2-D electron and hole
densities in the WL, B and B,p are the spontaneous radiative recombination constants for the
bulk (OCL) and 2-D regions (QWs and WL) measured in units of cm’/s and cm?/s, respectively,

Ny is the surface density of QDs, f,  are the electron- and hole-level occupancies in QDs, zqp is

the spontaneous radiative lifetime in QDs, ¢ is the velocity of light in vacuum, /€, is the group

index of the dispersive OCL material, g™ is the maximum value of the modal gain [14], S = WL
is the cross-section of the junction, W is the lateral size of the device, L is the cavity length, f =

(1/L)In(1/R) is the mirror loss, R is the facet reflectivity, and N is the number of photons in the

lasing mode; 7*  are the thermal escape times of electrons and holes from the QWs to the

n,p,esc

OCL and v-*_ are the capture velocities from the OCL to the QWs.

n,p, capt
. . . . . . )
We exploit six tunneling coefficients (measured in units of cm®/s) — these are four

coefficients w>* _ for electron and hole tunneling between the QD ensemble and the QWs, and

n,p, tunn

two coefficients w@V<WE

mpum 10T €lectron and hole tunneling between the WL and the electron-
injecting QW. These tunneling coefficients are primarily controlled by the thicknesses and

material parameters of the barriers, and by the QD, QW, and WL parameters as well.

R,QW L,R,QW

The quantities n/ and p, entering into the electron and hole tunneling fluxes

from the QD ensemble to the QWs [see (4.5)-(4.10)] are measured in units of cm™. In the case of
an undoped QW and a resonance between the energy level in a QD and the lowest subband edge
inaQW,

n- ™ = N3, M =NIL, (4.14)

where N2, =md\'T / (7[7’22) are the 2-D effective densities of states in the conduction and

valence bands in the QWs, mfzV are the electron and hole effective masses in the QWs, and the

temperature 7 is measured in units of energy.
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QW< WL~WL_ L QW< WL A 7QW . . . .
n" ngy and w, Nopny, in the right-hand side in (4.5) and

n, tunn

The terms w

n, tunn
(4.11) are the fluxes of electron tunneling from the electron-injecting QW to the WL and
backward tunneling from the WL to the electron-injecting QW, respectively. The difference

Wt Y gy — W N by, 1s the net in-tunneling flux of electrons from the electron-

n, tunn n, tunn c

injecting QW to the WL.
The quantities 7"~ and p"" entering into the electron and hole tunneling fluxes from

the electron-injecting QW to the WL [see (4.5), (4.6), (4.11), and (4.12)] are measured in units of

L ~WL

cm™. The general expressions for 77"~ and p,"" are derived in Appendix I [see eq. (A3)]. In the

case of undoped QW and WL considered here,

WL QW eVl _ QW

where gr‘l’g and gf:,’v are the energies of the lowest electron- and hole-subband edges in the WL
and QW, respectively, N>y =m) T/ (72'722 ) are the 2-D effective densities of states in the

conduction and valence bands in the WL, and mz’vL are the electron and hole effective masses in

the WL.

The terms w

n,capt

WL
n'"Ngf, and w

n,capt

Ny(1-f,)ny, in the right-hand side in (4.9) and
(4.11) are the fluxes of thermal escape of electrons from QDs to the WL and capture from the

WL into QDs, respectively. The difference w, ., n""Ngf, —w,

n,capt

Ny(1— f)ny, 1is the net

,capt

electron escape flux from QDs to the WL. The coefficients w, in (4.9)-(4.12) describe the

,Ps capt
electron and hole capture from the WL into a QD and escape from a QD to the WL. They are

measured in units of cm?/s and were referred to as the temporal cross-sections in [20, 21].
The quantities "~ and p,"" entering into the electron and hole thermal escape fluxes

from QDs to the WL [see (4.9)-(4.12)] are measured in units of cm™. The general expressions for

L

and p"" are derived in Appendix II [see eq. (A7)]. In the case of an undoped WL,

w
m

WL QD

. . WL QD
n1WL:Nc,VZI]3 exp[_ - T : j, pIWL:N\Y,\;Il‘) exp(_ : : J& (416)

QD

where &

are the energies of the electron and hole levels in a QD.
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The last term in the right-hand side in (4.11) is the spontaneous radiative recombination
flux in the WL.

The terms describing the processes related to the WL for holes in (4.6), (4.10), and (4.12)
are similar to those for electrons in (4.5), (4.9), and (4.11).

4.3. Results and discussion

We consider a continuous-wave operation of the laser and correspondingly use the set of

rate equations (4.1)-(4.13) at the steady-state,

0
a(blnp bpy,byng, bypys néw: p(L)Ws ”SWa p§w= N> Pwi> Nofys stp= N): 0. (4.17)
It can be shown that only eleven out of twelve equations (4.1)—(4.12) are independent at the
steady-state. Hence, to solve the set, we should complement it by one more equation. The
equation is provided by the charge neutrality condition in QDs.

Above the lasing threshold, the number of stimulated photons is nonvanishing (N # 0).

To satisfy eq. (4.13) at the steady-state at nonvanishing N, the following lasing condition should
hold:

g™ (1 +f,-1)=5, (4.18)

which is the condition of equality of the modal gain to the mirror loss at and above the lasing
threshold (the internal optical loss is not considered here).

If charge neutrality holds in QDs ( f, = f,), we immediately obtain from (4.18) that the

level occupancies in QDs are pinned at their threshold value and do not depend on the injection

current density j,

fn:fp:l(1+ faxj:const(j). (4.19)
g

Since the opposite sides of the structure are only connected to each other by the current
paths through QDs, the fact, that f,, do not change with j, means that the steady-state rate
equations for the left- and right-hand sides of the structure present two independent sets. Hence,
the solutions of the rate equations (4.3), (4.4), (4.7) and (4.8) for the right-hand side of the

structure are unaffected by the presence of the WL.
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Using the steady-state rate equations, the following expression is obtained for the number

of photons N and output power P from the rate equations:

P= ha)LﬂN

=

ho | . Soli
= 75{] —eNj . =By Py — Eannéwpéw - eanngwpgw —ebBn,p, - esz”RPR]
QD

(4.20)

where 7w is the photon energy. Eq. (4.20) states that the stimulated emission is produced by an
excess of the injection current density j over the current densities of spontaneous recombination
in QDs (second term in the brackets), WL (third term), QWs (fourth and fifth terms), and OCL
(last two terms).

To calculate the LCC [i.e., P versus j given by (4.20)], the dependences of the carrier
densities on the injection current density j are found from the solution of the rate equations.

As seen from Fig. 4.4(a), the electron density ny, in the WL increases with j, which is
due to the increase of the electron density néw in the electron-injecting QW [Fig. 4.5(a)]. At the

same time, the hole densities p,, and péw decrease [Figs. 4.4(a) and 4.5(b)] [see also the text

after eq. (4.34)]. The electron densities increase faster than the hole densities decrease. For this
reason, the recombination current densities increase with j [Figs. 4.4(b) and 4.5(c)].

Since the WL consumes a certain fraction of electrons from the electron-injecting QW,
the electron density in the latter is reduced compared to the case of no WL [Fig. 4.5(a)]. At the
same time, the hole density in the electron-injecting QW is increased [Fig. 4.5(b)]. This is

because the holes from the WL tunnel to the electron-injecting QW in addition to the holes from

QDs. At high injection currents, the increase of péw due to the presence of the WL outweighs

the decrease of néw . As a result, the recombination current density jéw in the electron-injecting

QW is increased [Fig. 4.5(c)].

Hence, not only an additional electron-hole recombination channel appears [Fig. 4.4(b)],
but the recombination in the electron-injecting QW becomes stronger as well in the presence of
the WL [Fig. 4.5(c)]. Since the recombination in the right-hand side of the structure is unaffected,
the total parasitic recombination current density outside QDs is increased. For this reason, the

output power is reduced in a structure with the WL (solid curve in Fig. 4.6). The output power
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depends strongly on the temporal cross-section w, of hole capture from the WL into a QD

p capt

[see (4.29)—(4.33)]. The larger w the lower is the power and the stronger is the deviation of

W, capt »
the LCC from that for a structure without the WL (dashed curve in Fig. 4.6). Clearly the internal
quantum efficiency [Fig. 4.7(a)] and the slope efficiency [Fig. 4.7(b)] are reduced in the presence
of the WL.

Despite the fact that the output power is reduced in the presence of the WL, it is clear
from Fig. 4.6 that the LCC becomes increasingly linear with j. This remarkable feature can be
understood and several general conclusions can be made from the analysis of the rate equations.

At the steady-state, eqs. (4.2) and (4.12) for holes in the left-hand side of the OCL and in

the WL can be written as follows:

L
p
T VpenPL = biBLDL 4.21)
p.esc
W%ﬁWLNV wPwL — WSX;)WL ﬁlWLpéw =W, captpl st Wo.capt?V s Ng(1- fp)pWL = By Py, (4.22)

Using (4.21) and (4.22) in (4.6), we have

By Py + Banéwpéw +bBn,p, = [ tunnplL QWst ptunnN (1- f )pQW]

423
[0, PN S, =W N (= £ P ) 429

As seen from (4.23), bimolecular recombination in the WL and in the left-hand-side QW and
OCL is entirely due to the net out-tunneling of holes from QDs to the electron-injecting QW
[first brackets in (4.23)] and the net escape of holes from QDs to the WL (second brackets).

Bimolecular recombination in the right-hand-side QW and OCL is entirely due to the net
out-tunneling of electrons from QDs to the hole-injecting QW and is not affected by the presence
of the WL,

BZDnQWpQW + b BanR ftunn QWNSf n tunnN (1 f )nQW (424)

By dropping in (4.23) the flux w, .. No(1- 1) péw of backward tunneling of holes from

p tunn

the electron-injecting QW to QDs and the flux w, . N(1- f,)py, of hole capture from the WL

into QDs, we obtain the upper limit for the parasitic recombination flux in the left-hand side of

the structure. Since f, <1, this limit, which presents the sum of the out-tunneling flux
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WPy Y N f, of holes from QDs to the electron-injecting QW and the thermal escape flux

Wyt Nsf, of holes from QDs to the WL, is itself restricted and cannot exceed

WP Ny + W, oDy "Ny at any j [under the condition of charge neutrality (4.19),

p,tunn

WP N f, and w. . p"" N f. are pinned and do not change with ;]. Consequently, we

have for the recombination flux in the left-hand side of the structure

L L
bBn, p, + BanprQw + Bphy Py
L L

,QW WL L L,QW WL _
< Wp,runnpl NSf;a + Wp,captpl NSfp < Wp,tunnpl NS + Wp,captpl NS = const.

(4.25)

From (4.24), we have for the recombination flux in the right-hand side of the structure

szanR+BZDn£Wp§W < wr PN < wh L NG = const. (4.26)

n, tunn n,tunn

Fig. 4.8 (solid curve) shows the recombination current density outside QDs [the sum of
the last five terms in the brackets in (4.20)]. The horizontal dashed line is the sum of the current

densities of electron and hole out-tunneling from QDs to the foreign QWs

, _ L L,QW R R,QW
Jout—tunn - ewp,tunnpl NS]rp + eWn,tunnnl NSﬁ] (427)

and hole thermal escape from QDs to the WL

.QDs—>WL __

.]p,esc - ewp,captplWLNSf;; . (428)

As in a structure without the WL [A1], in the presence of the WL too, the fact that the
parasitic recombination flux outside QDs remains limited with increasing j is due to the zero-
dimensional nature of QDs — the flux of escape from QDs (be it out-tunneling escape to the
foreign QW or thermal escape to the WL) is controlled by the level occupancy in a QD f,, [see
(4.27) and (4.28)], which cannot exceed unity with increasing j [ f» = f, = const in the case of
charge neutrality — see (4.19)].

With (4.23) and (4.24), eq. (4.20) can be rewritten as follows:

ho Jul;
— i p L L,QW R R,QW WL
P_ S .]_eNS —éew ,tunnpl NSfp_eW nl Nan_eWp,captpl Sf;a

P n,tunn
e

T
o (4.29)

+ eWpL,tunnNS (1 - fp)péw + ewf,runnNS (1 - fn)ngw + ewp,captNS (1 - fp)pWL :
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Fig. 4.4. 2-D densities of electrons and holes (a) and recombination
current density (b) in the WL against excess injection current density.
A GalnAsP heterostructure lasing at room-temperature (7 = 300 K)
near the telecommunication wavelength 1.55 pm is considered here.
10% QD size fluctuations are assumed. In Figs. 4.4 —4.8 the
parameters of the structure are as follows: Ny = 6.11x 10"’ cm™, L =
1.139 mm, R=0.32, = 10 cm™, W =2 pum, 7op = 0.71 x 107 5, g™ =
29.52cm™, by = by = 0.14 ym, v=*  =3x10 cm/s, /= 1.58 um, B =

n,p,capt
127x10" em’/s, and Byp = 2.8x10%cm?s. The tunneling
coefficients and temporal cross-sections are as follows unless

: : . L _ QWoWL 2 L _
otherwise specified: W, = Wi = 0.073 em’/s, Wy, =
QWeoWL 2 R _ 2 R _ 2
Wotnn = 0.04 cm/s, w, .. = 0.013 em™/s, wi . = 0.058 cm™/s, and
_ 2
Wopeapt = 0-1 cm/s.
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Fig. 4.5. 2-D densities of electrons (a) and holes (b) and
recombination current density (c) in the electron-injecting QW
against injection current density for the structures with (solid
curve) and without (dashed curve) the WL.
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Fig. 4.6. Light-current characteristics of the tunneling-injection
QD lasers with (solid curve) and without (dashed curve) the WL.
The temporal cross-sections of electron and hole capture from the
WL into a QD are w, _ .., = 0.03, 0.1, and 0.4 cm’/s in (a), (b), and

(c), respectively. The threshold current density is jy, = 417, 440,
and 467 A/cm?; for the structure without the WL, ji, = 366.3 A/cm”.
The dotted line given by (4.32) is the upper limit for the LCC. The
dash-dotted line given by (4.30) is the asymptote and the lower
limit for the LCC.
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Fig. 4.7. Internal quantum efficiency (a) and slope efficiency (b)
against injection current density for the tunneling-injection QD
lasers with (solid curve) and without (dashed curve) the WL. Since

Nint increases with j, 7ex also increases and is higher than #iy as is
clear from (4.34).

Whatever the dependences of péw, ngw and p,, on j, it is clear from (4.29) that by

dropping the last three terms in the brackets (the current densities of backward tunneling of
minority carriers from the foreign QWs to QDs and of hole capture from the WL into QDs) we

will obtain the lower limit for the output power,

P lowest —

ho

93

s

. highest
—J

).

(4.30)



where

Joly

highest __ L L,QW R R,QW WL
Jin =eN; . +ew, wmPi stp +ew, Ngf, + eW, capt P1 Sfp (4.31)
QD

is the upper limit for the threshold current density.

As seen from (4.30), the lower limit for the LCC is linear (dash-dotted line in Fig. 4.6)
and its slope efficiency is unity.

The upper limit for the LCC is obtained in an ideal structure wherein out-tunneling from
QDs to the foreign QWs and hence recombination in the QWs and OCL are completely blocked.

Since recombination in the WL will still occur in such a structure, we have from (4.20)

phieest = h—a)S [j—eNS Suly —eBWLnWLpWLJ. (4.32)
e Top

In this case, we obtain from (4.25) that the recombination current density eBy, ny, py, 1n the

WL is limited by the current density ew, ., pEN /f, of hole thermal escape from QDs to the
WL,

Byphy Py < wp,captplWLNSf;) < Wp,captpl\VLNS' (4.33)

With increasing j, eBy, ny, py, asymptotically approaches ew, . pVEN /f, and the upper limit

(4.32) for the LCC becomes linear (dotted line in Fig. 4.6).

Hence, the actual LCC (obtained from the solution of the rate equations and shown by the
solid curve in Fig. 4.6) in a structure with the WL is confined between the two parallel lines
given by (4.30) and (4.32) (dash-dotted and dotted lines). Since the parasitic recombination
current density remains restricted [see (4.25), (4.26) and Fig. 4.8], the fraction of the excess

injection current density j — ji that goes into the stimulated emission [the internal differential
quantum efficiency, 77, = e(c/ \/g ) B(N/S) / (J = J) 1 should rise with j [Fig. 4.7(a)]. As a result,

the LCC should become increasingly linear (Fig. 4.6).

From (4.29), we have for the slope efficiency (external differential quantum efficiency)
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Fig. 4.8. Parasitic recombination current density outside QDs (solid
curve). The horizontal dashed line is the sum of the current densities of
electron and hole out-tunneling from QDs to the foreign QWs and hole
thermal escape from QDs to the WL.

= 1 aP — L] anint
Newt = @S 8] = Mt + (.] .]th) 6]
€ (4.34)
P ons 0
=1+ eWpLamnnNS (1 - fp) ajw + ewf,tunnNS (1 - f;q) ajw + ewpacaptNS (1 - f;)) l;;VL .

Since 7,,, should not be higher than unity, the derivatives of pgy, , ngy » and py, with respect to

j should be negative — the minority carrier density in each of the two QWs and the hole density
in the WL decrease with j [Figs. 4.4(a) and 4.5(b)]. Hence, the last three terms in the brackets in
(4.29) decrease with increasing j and the LCC asymptotically approaches the straight line given
by (4.30) (Fig. 4.6).

4.3.1. Laser characteristics versus temporal cross-sections of electron and hole

capture from the WL into a QD

Fig. 4.9 shows the dependences of the carrier densities and recombination current

densities in the WL and QW, total parasitic recombination current density outside QDs, and
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output power on the temporal cross-section w of majority carrier (electron) capture from the

n, capt

WL into a QD at a fixed temporal cross-section w, ..., of minority carrier (hole) capture. As

, capt

w increases, electrons are more efficiently captured into QDs and the electron densities in

n, capt
the WL and QW decrease [Fig.4.9(a) and (b)]. Hence, the recombination current densities
decrease [Fig. 4.9(e) and (f)], and the hole densities increase in the WL and QW [Fig. 4.9(c) and
(d)]. Following the decrease of the recombination current densities in the WL and QW, the total
parasitic recombination current density outside QDs decreases [Fig. 4.9(g)] and, consequently,

the output power increases [Fig 4.9(h)]. As w — o0, the electron density in the WL saturates

n, capt

[dashed line in Fig. 4.9(a)],

nWL‘ n =15 0 /o . (4.35)

Eq. (4.35) is the equilibrium relation between nwy. and f, and is easily obtained from eq. (4.11).
Fig. 4.10 shows the dependences of the carrier densities and recombination current
densities in the WL and QW, total parasitic recombination current density outside QDs, and

output power on the temporal cross-section w, ., of minority carrier (hole) capture from the WL

, capt

into a QD at a fixed temporal cross-section w of majority carrier (electron) capture. As

n, capt

W, wpe INCTEASES, holes are efficiently provided to the WL and left-hand side QW and hence the

hole densities there increase [Fig. 4.10(c) and (d)]. The increase of the hole densities leads to the
increase of the recombination current densities in the WL and QW [Fig. 4.10(e) and (f)] and,
consequently, the electron densities in the WL and QW decrease [Fig. 4.10(a) and (b)]. As a
result, the parasitic recombination current density outside QDs increases [Fig. 4.10 (g)], and the

output power decreases [Fig .4.10(h)]. As w, ., — o0, the hole density in the WL saturates

[dashed line in Fig. 4.10(c)],

=DiwL . (4.36)

Eq. (4.36) is the equilibrium relation between pwr. and f, and is easily obtained from eq. (4.12).
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Fig. 4.9. 2-D densities of electrons and holes, recombination current densities in the
WL [(a), (¢), and (e), respectively] and QW [(b), (d), and (f), respectively], total
parasitic recombination current density outside QDs (g), and output power (h)

against temporal cross-section w, .,

WL into a QD at a fixed temporal cross-section
carrier (hole) capture. The injection current density is j = 10 kA/cm’.
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Fig. 4.10. 2-D densities of electrons and holes, recombination current densities in
the WL [(a), (¢), and (e), respectively] and QW [(b), (d), and (f), respectively], total
parasitic recombination current density outside QDs (g), and output power (h)

against temporal cross-section w, .. of minority carrier (hole) capture from the
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carrier (electron) capture. The injection current density is j = 10 kA/cm’.
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Hence, as it could be expected and is natural, and is seen from Figs. 4.9 and 4.10, the
parasitic recombination outside QDs becomes less (more) intensive and hence the output power
increases (decreases) as the majority (minority) carrier capture from the WL into a QD becomes
more intensive.

Both in Figs. 4.9 and 4.10, the electron densities decrease [(a) and (b)] and the hole
densities increase [(c) and (d)] with increasing capture temporal cross-sections. The
recombination current densities are controlled by the product of the electron and hole densities.
The decrease of the recombination current densities in Fig. 4.9(e) and (f) reflects the fact that the
electron densities decrease faster than the hole densities increase. In contrast, the increase of the
recombination current densities in Fig. 4.10(e) and (f) reflects the fact that the electron densities
decrease slower than the hole densities increase.

Fig. 4.11 shows the carrier densities and recombination current densities in the WL and
QW, total parasitic recombination current density, and output power versus the temporal cross-
sections of majority and minority carrier capture, which vary simultaneously and are equal to

each other, w, . = W, o - Such a simultaneous increase of w, . means that both the

desirable electron capture from the WL into a QD and undesirable hole supply (by thermal
escape) from a QD to the WL [and then the hole supply (by tunneling from the WL) to the

electron-injecting QW] become more efficient. The electron (hole) densities decrease (increase)

with increasing each of w, .. and w, . [Figs. 4.9 and 4.10]. Hence, these tendencies remain
the same as w, . change simultaneously [Fig. 4.11(a, b, ¢, d)]. In contrast, the effects of

varying w, .. and w, . on the recombination current densities in the WL and QW, and hence

on the total parasitic recombination current density outside QDs, are opposite to each other. As a
result of the competition between these effects, the recombination current densities are
nonmonotonic — they first increase and then decrease [Fig. 4.11(e, f, g)]. Consequently, the
output power is also nonmonotonic — it first decreases and then increases [Fig. 4.11(h)]. Hence,

as a function of w, .. = w, .., the parasitic recombination current density has a maximum and

the output power has a minimum. The total parasitic recombination current density is minimum

[Fig. 4.11(g)] and the output power is maximum [Fig. 4.11(h)] at w, ... = w, ..., = 0. This is
because the hole densities in the WL and QW are minimum at w, ... = W, ..., = 0.

100



/NIIII[//I” IIIIIIII[[/
llﬂ/////,,,,;;ll i iy,
I”’”IIII III””IIII
,!,,," ,IIIIIIIIIII

“\
SRS \‘
St ‘::“‘\

; S ‘ \\\
\
\\\\“‘;\\\‘ \“; ‘\
NSINRN \\“
k‘:‘}\\\““\\t
o
‘s‘:;“““‘\

Fig. 4.12. Optical power against temporal cross-sections w, ..

andw of electron and hole capture from the WL into a QD. The

p, capt
injection current density is j = 10 kA/cm®.

Note that the recombination current density in the WL is nonzero at a zero value of w, .,
or (and) w, ... [Fig. 4.9(e), Fig. 4.10(e), and Fig. 4.11(e)]. This is because, even in such a case of

absence of direct coupling between the WL and a QD, there is an alternative path for the electron
and hole supply to the WL — the path from the electron-injecting QW (processes @ and (9 in

Fig. 4.3). As w — o, the electron and hole densities in the WL saturate at (4.35)

n capt = p capt
and (4.36) [dashed lines in Fig. 4.11(a) and (c)], respectively, and hence the recombination
current density in the WL saturates [dashed line in Fig. 4.11(e)].

As seen from Figs. 4.9-4.11, the output power is strongly affected by the temporal cross-

sections of carrier capture into a QD. Fig. 4.12 shows the dependence of the output power on

both w and w in the most general form. The specific cases described by Figs. 4.9(h),

n, capt p, capt
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4.10(h), and 4.11(h) (changing only one of the two cross-sections at a fixed value of another, and
changing them simultaneously) are easily seen from this general dependence.

As clear from Figs. 4.9-4.12, to properly optimize the tunneling-injection structure with
the WL, the temporal cross-sections of electron and hole capture into a QD should be controlled
low.

in addition to the tunneling coefficients (chapter 3) — w, .. should be kept high and w,

, capt , capt

4.4. Conclusion

The effect of the WL, which is inherently present in self-assembled Stranski-Krastanow
grown structures, on the optical power of a tunneling-injection QD laser has been studied. Due to
thermal escape of carriers from QDs, bipolar population establishes and hence electron-hole
recombination occurs in the WL. Since the opposite sides of a tunneling-injection structure are
only connected by the current paths through QDs, and the WL is located in the n-side of the
structure, the only source of holes for the WL is provided by QDs. It has been shown that, due to
the zero-dimensional nature of QDs, the rate of the hole supply to the WL remains limited with
increasing injection current. For this reason, as in the other parts of the structure outside QDs
(QWs and OCL), the parasitic electron-hole recombination remains restricted in the WL. As a
result, even in the presence of the WL, the LCC of a tunneling-injection QD laser becomes
increasingly linear at high injection currents, which is a further demonstration of robustness of

such a laser and its potential for high-power operation.

102



Appendix |

Quantities 7z and " in the tunneling fluxes

of electrons and holes from the electron-injecting QW to the WL

For definiteness, we consider in Appendixes I and II electrons. The derivation and

expressions for holes are similar. Under thermal equilibrium, the flux wy <™ 7™ ngy, of

electron tunneling from the electron-injecting QW to the WL is equal to the flux

QW WL A7QW _ eq
Wn, tunn Nc,ZDnWL

of backward tunneling of electrons from the WL to the QW, to give:

nyh

~WL __ QW Ttwr

A (Al)
I’IQW

Using the closed-form expression for the 2-D equilibrium carrier density (see, e.g., [22]),

eq €q
we have for ny; and ngy,

WL,QW e —g
nyr. ow = Nc,zﬁQ In| 1+exp —T“ , (A2)

where Nopp ™ =m T / (72' hz) are the 2-D effective densities of states in the conduction band

WL, QW
C

in the WL and QW, respectively, m are the electron effective masses there, T is the

WL, QW
n

temperature (measured in units of energy), & are the energies of the lowest electron-

subband edge in the WL and QW, respectively, and x* is the equilibrium Fermi level.

eq _ WL
In {1 +exp (MH
T

A= N — g (A3)
ui—g
In {1 + exp (“ﬂ
T
e

If both QW and WL materials are nondegenerate (the Fermi level ¢ is below &

With (A2), (A1) becomes

Yy
several T), which is the case of undoped QW and WL considered here, then
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eq _ WL,QW WL,QW | eq
In [1 + exp (%ﬂ ~ exp[— %) ) (A4)

With (A4), eq. (15) is obtained from (A3).
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Appendix 11

Quantities »"* and p*" in the thermal escape fluxes

of electrons and holes from QDs to the WL

We now use the detailed balance condition under thermal equilibrium for the flux

Wyt Nsfy? of carrier thermal escape from QDs to the WL and the flux

Woeapt Vs (1 - f )nf,le of capture from the WL to QDs to obtain

-
n1WL = f]:.; WL (A5)
where
1
eq _
-fl’l - gQD _ ﬂeq b (A6)
exp| +—— |+1
P T
is the equilibrium occupancy of the energy level £2° in a QD.
With (A2) for ny;, , (AS) becomes
QD _  eq eq _ WL
R p(Tﬂ] 1{1 rexp (”TH | (A7)

If a WL material is nondegenerate (1 is below &'~ by several T), which is the case of

an undoped WL considered here, the use of (A4) in (A7) yields eq. (16). In (16), the separation

e — &% between the energies of the lowest subband edge in the WL and the level in a QD can

n

be controlled by post-growth annealing [11] or changing the growth temperature [12].
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