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Introduction

Todd Steiner, Air Force Office of Scientific Research

1.1 Synopsis

As we begin the twenty-first century, nanoscience and technology are advancing at a
rapid pace and making revolutionary contributions in many fields including elec-
tronics, materials science, chemistry, biology, structures and mechanics, and optoe-
lectronics. Although nanoscience and technology are progressing along many
fronts, the most impressive progress has been made in the area of semiconductor
technology. This book reviews recent progress in semiconductor nanostructure
growth and materials development and also reviews progress in semiconductor
devices using nanostructures, with a particular emphasis on 3D nanostructures that
have emerged during the last 10 years.

1.2 Growth

Semiconductor nanostructures have been enabled by the advancements in epitaxial
growth techniques, which are now capable of growing epilayers as thin as one
atomic layer and with interface roughnesses that are a mere fraction of a monolayer.
The development of advanced crystal and thin-film growth technologies capable of
realizing high crystalline quality and purity of materials is an enabling step in bring-
ing semiconductor devices to reality. These growth techniques are reviewed in
Chapter 2. Chapter 2 starts with an overview of the bulk crystal growth techniques
that are required for obtaining high-quality substrates, then looks at the primary
means for producing high-quality epilayers, including liquid phase epitaxy, vapor
phase epitaxy, molecular beam epitaxy, metalorganic chemical vapor deposition
(MOCVD), and atomic layer epitaxy (ALE), as well as techniques for thin-film
deposition including plasma-enhanced chemical vapor deposition, electron cyclo-
tron resonance, vacuum evaporation, and sputtering. Chapter 2 then discusses the
different growth modes of low-dimensional structures such as quantum wires and
quantum dots.
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Introduction

1.3 Optoelectronic Devices Based on Semiconductor Nanostructures

Since the successful development of quantum well lasers in the 1970s, one of the
richest areas of application of semiconductor nanostructures has been in the area of
optoelectronic devices, with the two most important areas being semiconductor
lasers and detectors. Early efforts focused on band-to-band transitions and have
progressed more recently to intersubband devices. In addition, the early devices util-
ized 2D nanostructures, either superlattices or quantum wells. In recent years, the
growth of quantum dots and their integration into working devices has revolution-
ized semiconductor devices. This book highlights results in semiconductor devices
based on quantum dots (QDs).

In Chapter 3, we review progress on quantum dot infrared detectors (QDIPs) by
providing a comprehensive discussion of the growth, structural and optical charac-
terization, and device figures of merit. We discuss the QD and the QDIP structure
growth, QD size distribution, and the tailoring of the QD electronic energy levels
and wave functions via manipulation of the QD confinement potential. We also
show how to take advantage of stress manipulation to realize multiple-color QDIPs.
One section focuses on the QDIP device characteristics (dark current, responsivity,
noise, photoconductive gain, detectivity) for each of three classes of QDIPs dis-
cussed: InAs/GaAs/AlGaAs, InAs/InGaAs/GaAs, and dual-color InAs/InGaAs/GaAs
QDIPs.

In Chapter 4, we provide a theoretical overview of QD lasers, including the
advantages of QD lasers over quantum well lasers, the recent progress in fabricating
QD lasers, and a theoretical treatment of many issues of practical importance in
developing QD lasers, such as the nonuniformity of QDs, parasitic recombination
outside of QDs, threshold and power characteristics, and nonlinear properties. The
chapter also includes novel designs for QD lasers with improved threshold and
power characteristics.

In Chapter 5, we provide an overview of InGaAs tunnel injection QD lasers,
which have demonstrated the lowest thresholds for QD lasers and the highest modu-
lation bandwidths. This chapter describes the growth of these QD lasers, the unique
carrier dynamics observed in self-organized QDs, their effect on high-frequency per-
formance of QD lasers, and the novel injection technique whereby electrons are
injected into the QD ground state by tunneling. The enhanced performance of these
tunnel injection QD lasers is also described and discussed.

1.4 Materials for Semiconductor Nanostructures

Progress in semiconductor nanostructures is advancing to a wide variety of material
systems. In this book we highlight the progress in five important material systems of
technological importance. Each of these material systems has demonstrated 2D and
3D nanostructures and has had varying degrees of success in the fabrication of
optoelectronic devices.

In Chapter 6 we review progress in zinc oxide-based nanostructures, including
the Zno/ZnMgO system. Zinc oxide is emerging as an important material for
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roduction 1.5 Summary
ures ultraviolet and visible optoelectronic applications, due to the ease with which light
emission can be obtained. In Chapter 7 we review progress in antimony-based
1e of the nanostructures, including the binary compounds GaSb, InSb, and AlSb; the tertiary
e area of compounds InAsSb, InAsP, InTISb, and InSbBi; and the quaternary compounds
nductor InTIAsSb and InAsSbP. Devices based on these materials are also discussed. In
nd haye Chapter 8 we review recent advances in the growth of Ill-nitride quantum dots and
ices util- their unique properties. The growth techniques and the structural and optical prop-
-ars, the erties associated with quantum confinement, strain, and polarization in GaN and
olutl.on— In Ga,_ N quantum dots are discussed in detail.
devices In Chapter 9 we review the progress of nanostructures in the silicon/germanium
material system, which has the potential for bringing optoelectronics and photonics
JIPs) by to silicon. Specifically, we review issues of Ge island formation on Si. We show uni-
charac- form Ge island formation on planar Si and ordered island formation on prepat-
‘Tucture terned mesa structures. We discuss the effect of growth conditions such as growth
y levels temperature, deposition rate, deposition coverage, and substrate patterning on the
Ve also formation of the islands. We discuss the potential applications of Ge islands in the
QDIP S fields of optoelectronics, thermoelectricity, electronics, and quantum information.
nstvity, In Chapter 10, we present a review of carbon nanotubes, especially for optoelec-
(Ps dis- tronics applications. The field of carbon nanotubes has advanced quickly and
s/GaAs widely on many fronts during the past decade. Controlled fabrication of carbon
. nanotubes of uniform diameter, length, and spacing is now feasible. Real and per-
mng Fhe ceived potential applications in electronics, sensing, molecular biology, actuation,
lcating composite material, and energy storage have been demonstrated. We introduce
nee some of these advances and some of the fundamental properties of the carbon nano-
nation tubes, discuss the underlying physics of new effects and phenomena observed or
s. The anticipated, and describe the controllable fabrication processes of new forms of
ld and nanotubes, as well as some interesting and relatively new and unconventional direc-
tions of potential applications.
lasers,
modu-
mnique 1.5 Summary
'y per-
as are As we enter the twenty-first century, semiconductor nanostructures are revolution-
“these izing many areas of electronics, optoelectronics, and photonics. We present in this
volume some of the more interesting results that are leading the revolution in the
area of optoelectronics. It is in this area that the real benefits of 3D structures are
being realized for practical devices. These achievements will serve to enhance the
contributions of semiconductor nanostructures in other areas, helping to maintain
. the leading position of semiconductor nanotechnology in the more general world of
terial nanoscience and technology.
ms of
) and
on of
iding
I for




Quantum Dot Lasers: Theoretical
Overview

Levon V. Asryan and Serge Luryi, State University of New York at Stony Brook

4.1 Introduction: Dimensionality and Laser Performance

The emergence of devices based on nanometer-size active elements marked the era
of nanoelectronics and nanophotonics. Among such elements are notably low-
dimensional heterostructures, such as QWs [1], quantum wires (QWRs) [2], and
QDs [3]. Quantum confinement in low-dimensional heterostructures strongly
modifies the basic properties of a semiconductor crystal.

In a QW, carriers are spatially confined in the transverse direction and move
freely in its plane. In a QWR, carriers are spatially confined in two transverse direc-
tions and move freely along it. Hence, the carrier energy spectra in both QWs and
QWRs are continuous within wide subbands of allowed states and, in this sense,
they do not qualitatively differ from those in a bulk crystal.

Ina QD, carriers are three-dimensionally confined and the modification of elec-
tronic properties is most strongly pronounced: the energy levels are discrete. For this
reason, QDs are also referred to as superatoms or artificial atoms, A QD of typical
size (several nanometers to several tens of nanometers) contains several thousands
to several tens of thousands atoms. Quantum dots have generated much interest as a
new class of human-made materials with tunable ( by varying both the composition
and size) energies of discrete atomic-like states.

The semiconductor laser is the fundamental device of modern optoelectronics
and photonics. It was proposed long ago [4] that reducing the dimensionality of the
active region could significantly improve laser performance due to the quantum-size
effect. This general idea was initially applied to QW lasers [5-7] and by now QW
lasers have replaced bulk lasers in most commercial applications [1]. Further
enhancement is expected for lasers with lower dimensionality, such as QWR and
especially QD lasers. In the context of QWR and QD lasers, this idea was first ana-
lyzed theoretically in [8]. Due to a continuous density of states within allowed sub-
bands, using QWs and QWRs as an active medium for stimulated optical
transitions can only quantitatively enhance device characteristics compared to those ;
of a bulk device [9, 10].

ok

113




AN R R T T TR SO s DA e s

Quantum Dot Lasers: Theoretical Overview

Figure 4.1 shows the transformation of the density of states and the schematic
gain spectrum with the reduction in the dimension of the active region. As the den.
sity of states narrows, one needs smaller number of states to be filled to attain trans.
parency of the active region and the lasing. As a result, both the transparency current
(injection current required for zero gain) and the threshold current (current, at
which the gain equals the loss and the lasing starts) decrease, and also their tempera-
ture dependences become less pronounced. Lowering the threshold current and
improving its temperature stability are important objectives in the development of
diode lasers [11]. As seen from the figure, the radical, qualitative change in the den-
sity of states and the gain spectrum occurs only in QDs. The discrete carrier spec-
trum in QDs appears therefore ideally suitable for lasing generation with low
threshold and high temperature stability. Thus, the semiconductor (diode) QD
lasers form a novel class of injection lasers that promise radically enhanced

2D densi}y of states

!
Cavity . QW
losses \/Galn i
0 E,+e,+e, . Energy
g™ n P(b)
Cavity TQWR l
loss‘es e

1D density of states

Energy

—
o)
Cavity N0D 6 - density of
losses states and
gain

0 Eg +en +ep () Energy

Figure 4.1 (a—d) Transformation of the density of states and the schematic gain spectrum for dif-
ferent dimensions of an active region.
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4.2 Advantages of an Idealized QD Laser 115

operating characteristics [3, 8, 12-14]. The use of QDs as an active medium in injec-
tion lasers is a dramatic example of nanotechnology applied to devices of high com-
mercial interest.

4.2 Advantages of an Idealized QD Laser

The principal advantages of QD lasers over the conventional QW lasers can be sum-
marized as follows:

* Significantly lower threshold current density;
* Significantly weaker temperature dependence of the threshold current, ide-
ally, temperature-insensitive threshold current;

* Superior opportunity for tuning the gain spectrum width and the emission
wavelength (color of light);

* Low chirp (shift of the lasing wavelength with injection current), ideally, zero
a-factor.,

In the ongoing improvement of semiconductor lasers, each of the above areas
has always been on the high-priority list and motivated the very idea of heterostruc-
ture lasers [15]. The low threshold currents of heterostructure lasers, already
demonstrated during the early stage of development [16-1 8], provided much
momentum for continuing research in this field.

4.3 Progress in Fabricating QD Lasers

Practical realization of the advantages of QD lasers became possible with the advent
of QD structures with high uniformity of size and shape.

Initial attempts to fabricate QDs and QD devices relied on the traditional—
at the time—means, such as selective etching of QW structures or QW intermix-
ing, growth on profiled substrates and on cleavage facets, or condensation in
glassy matrices [19]. These efforts, however, did not produce device-oriented
structures.

A breakthrough in fabricating QD lasers (first optically pumped [20] and then
current injected [21]) came with the use of self-organizing effects in heteroepitaxial
systems. The nonplanar 3D growth, which had been traditionally considered unde-
sirable, has led to the direct formation of QDs. The possibility of forming 3D islands
in a wideband matrix was first demonstrated in [22]. At the time, however, this did
not attract much attention because the prospect of fabricating uniform QDs looked
doubtful. It took extensive experimental and theoretical studies [23] before QD
arrays of high structural perfection and uniformity could be realized in practice.

Today, we have a reasonably mature epitaxial growth technology that employs
spontaneous formation of semiconductor nanostructures in heteroepitaxial mis-
matched systems. This technology allows us to control both the surface density and
the size of QDs [24]. The most extensively studied heterosystems for QD lasers
are InAs/GaAs, InAs/InGaAs, InGaAs/GaAs, and InGaAs/AlGaAs on the GaAs
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4.4

substrate. Using these material systems, one can vary the lasing wavelength in the
wide spectral range from 0.87 to 1.9 um, including 1.3 and 1.55 um, the most desir-
able wavelengths for telecommunication applications. The use of GalnP/InP and
InAlAs/GaAs QDs extended the range into the visible (red) spectrum.

Commercial perspectives on QD lasers have stimulated the efforts of many
groups and led to significant progress in fabrication technology. Among the demon-
strated advantages of QD lasers is the lowest threshold current density—19 A/em’
—ever reported for continuous-wave (CW) room temperature operation for semi-
conductor lasers of any type [25]. A temperature stability of the threshold current
that is superior to QW lasers has been demonstrated; a characteristic temperature T,
above 150K was reported at operating temperatures well above room tempera-
ture [26-28]. Wide spectral tunability has also been demonstrated [29].

State-of-the-Art Complications

Figure 4.2 shows schematically the cross section and the band diagram of a typical
QD laser. The bipolar device employs stimulated transitions between the quantized
energy levels of electrons and holes in QDs. In this section, we focus on the most
important issues that hinder the development of such lasers with superior perform-
ance compared to other contemporary semiconductor lasers.

Cladding layer

Cladding layer

Optical confinement
layer

(b)

Figure 4.2 (a) Schematic structure and (b) energy band diagram of a QD laser.
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in the 4.4.1 Nonuniformity of QDs
t desir- Nonuniformity is a problem of great concern. As discussed earlier, the advantages
1P and of QD lasers stem from a d-function-like density of states. If all QDs were identical,
the gain spectrum would also be a 6 function (Figure 4.1). However, the QDs in
~many actual structures vary, primarily in size (Figure 4.3) and shape, but also in the local
emon- strain. The QD parameter dispersion causes fluctuations in the quantized energy
A/CH,I levels. This leads to an inhomogeneous broadening in the optical transition energy
‘ S::r; (Figure 4.3) and hence also broadens the gain spectrum. This dispersion is hardly
u

T avoidable during the QD structures’ growth: Size fluctuations are inherent in self-
ture £, organized QD ensembles either fabricated by MBE or MOCVD.

npera- Inhomogeneous line broadening is the key factor degrading the characteristics
of a QD laser [30]. The QD parameter dispersion adversely affects the operating
characteristics of a laser:
* Maximum gain decreases.
typical * Threshold current increases and becomes more sensitive to temperature (the
\ntized characteristic temperature decreases).
e most * The multimode generation threshold decreases.
rform- * The internal differential efficiency and output power both decrease.

The QD laser advantages can only be realized if the QDs are sufficiently uni-
form. Later we discuss how the threshold and power characteristics of a laser
depend on the QD size fluctuations, that is, on the “degree” of the structure
perfection.

Fluctuation in QD sizes

QD QD QD

a
a 2
1_| as

Fluctuations in energy levels in QDs

, £,
I N e b

Inhomogeneous line broadening

max

9(E)

Figure 4.3 Inhomogeneous line broadening arising from nonuniformity of QDs.
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Effect on the Gain

The laser threshold condition is

g" =B (4.1)

where g" is the peak value of the modal gain spectrum and f is the total loss. The
minimum injection current satisfying (4.1) is, by definition, the threshold current.

The shape of the modal gain spectrum (which represents the effective gain of the
active layer comprising QDs) and its transformation with the injection current are
quite different in the two limits, corresponding to small and large QD size disper-
sions [30-32].

For small fluctuations (the inhomogeneous line broadening is less than the tem-
perature T), the gain spectrum copies the curve for the QD size distribution, with the
scale along the vertical axis determined by the population inversion in the QD of
average size [Figure 4.4(a)]. The spectrum changes self-similarly with the current.

Gain, g

Gain, g

Photon energy, £
(b)

Figure 4.4  Gain spectra for equilibrium filling of quantum dots: (a) small dispersion, (b) large dis-
persion. Curves are numbered in order of increasing population inversion in a QD. The dashed
curves correspond to full population inversion. (From: [30]. © 1996 IEEE. Reprinted with

permission.)
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The peak value of the modal gain spectrum occurs at the transition energy E, in a
mean-sized QD and is equal to

(4.1) g” =™ (f, +f, 1) (4.2)
ss. The . . |
rrent. where £, and f, are the occupancies of the quantized energy levels of an electron and i
1 of the a hole in a mean-sized QD. ] '2
a0t are The quantity g™ is the maximum possible (saturation) value of g". It holds .
disper- when both f, and f, approach unity, that is, when the QDs are fully occupied. The
dependence of g™ on the inhomogeneous line broadening (Ae¢)., is given by the
g inhom y
e tem- following expression:
ith the 2
QD Of max 5 (10 1 h 1
=27 T N 4.3
irrent. g 4\Je) T (he) @l (4.3)

where & = 1/ and & = 1/3/27 for the Lorentzian and Gaussian distributions, respec-
tively. A, = 27hc/E , is the lasing wavelength; ¢ is the dielectric constant of the opti-
cal confinement layer (OCL); Q¢ is the characteristic length of the optical
confinement in the transverse waveguide direction; and N; is the surface density of

QDs.

The reciprocal spontaneous radiative recombination time for transitions
between the quantized energy levels in the conduction and the valence bands is of
the form

1 8 :
- =§aﬁ~(a) I (4.4)

where a = €’/hc is the fine structure constant, P is Kane’s parameter [33], and I is the
overlap integral between the electron and hole wave functions (see Section 4.4.8).
The inhomogeneous line broadening caused by fluctuations in QD sizes is

(Ag) ;.. =(qn£" +q,¢, )6 (4.5)

where g, =-dIne, /olna, e, , are the quantized energy levels in a mean-sized QD, 4
is the mean size of QDs, and § is the root mean square (rms) of relative QD size
fluctuations.

The gain saturation effect is observed experimentally in QD lasers. Because &
% 1/(A€), 4m» We see how crucial the QD size uniformity is.

For large fluctuations [(Ae),, =~ > T], the gain spectrum gradually fills the
e dis- curve for the QD size distribution with increasing injection current [Figure 4.4(b)].
Both self-similar and gradually filled gain spectra have been observed
experimentally. 8
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Effect on the Threshold Current

Below and at the lasing threshold, the injection current density is consumed by the
spontaneous recombination in QDs and in the OCL:

eN

j=—=(f.f,)+ebBnp (4.6)

TQD

where (...) means averaging over the QD ensemble, b is the thickness of the OCL, Bis
the radiative constant for the OCL, and # and p are the free-carrier densities in the
OCL.

If we consider relatively high temperatures, the carriers in each band are close to
equilibrium and in steady state the free-carrier densities in the OCL (below and at
the threshold) can be expressed in terms of the confined-carrier level occupancies in

a mean-sized QD [30]:

f 2
D=0, 4.7
AT 47

n=n,

Here the quantities 7, and p, are

(4.8)

AE, —¢,
T

N M =N v r
n, —N_exp|l— P, =N, exp T

where N, are the conduction and valence band effective densities of states and
AE, ,, are the band offsets at the QD—OCL heterointerface (Figure 4.2).

Assuming charge neutrality in QDs, f, = £, (which is not the general case—see Sec-
tion 4.3), (4.1) and (4.2) yield the level occupancies at threshold in a mean-sized QD:

1 0
Fu =5(1+ o ) (4.9)

where 6™ is the maximum tolerable rms of relative QD size fluctuations [see (4.43)

in Section 4.4.7].
With (4.9), (4.7) and (4.6) yield the dependence on 6 of both the free-carrier den-

sities in the OCL at the lasing threshold and the threshold current density:

1+6r?ax 1+6r§ax
nth =n1 (S ’pth :pl _a (4'10)
1- 1-
6max 6max
6 2
2 1+_
] 1€N 6 ~ ( 6max)
Jo =7 - ) (1+amax) +ebBn, p, (4.11)

QD 1— Y )2
61’“83{
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We see that the threshold current diverges as the dispersion increases and
ed by the approaches a certain critical value, j, = © for § - 6™ [Figure 4.5(b)]. Such behavior
has been observed experimentally [34].

In the opposite limit, j, decreases and as & — 0, the threshold current tends to the

46 transparency (inversion) value, corresponding to the current density, at which £, + f,
(4.6) ~ 1= 0 [Figure 4.5(b)].
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Figure 4.5 Multimode generation in a QD laser as function of (a) normalized surface density of
(4.11) QDs, (b) rms of relative QD size fluctuations, and (c) cavity length. Solid and dashed curves
describe the threshold current density for the main mode and the next longitudinal mode, respec-
tively, while dotted curves correspond to the multimode generation threshold. The insets show the
relative multimode generation threshold. (From: [37]. © 2000 IEEE. Reprinted with permission.)




122

R R TR R R R ST i

Quantum Dot Lasers: Theoretical Overview

Effect on the Temperature Dependence of Threshold Current

The T dependence of j, is described by the characteristic temperature T, [defined by
(4.17)]. The higher this parameter, the less sensitive j, is to temperature. Nonuni-
formity of QDs has a twofold effect on the T dependence of J4- The main effect is
through the thermal population of the OCL, which controls the parasitic recombina-
tion current outside QDs [30-32, 35]. The second effect is through the thermal popu-
lation of nonlasing QDs, which gives rise to a parasitic recombination current [36].

Effect Through the Parasitic Recombination Outside QDs

The OCL is a nonlasing 3D region surrounding QDs. The carrier population in the
OCL is in approximate thermal equilibrium with that in QDs, except at low tem-
peratures. The recombination current in the OCL is the main source of temperature
dependence of j, (see later sections). Assuming charge neutrality in QDs, the follow-
ing expression is obtained for T, as a function of § [35]:

1 NS (1 _i)z
47, om

1

=1+

T
0, neutral anl P1 AE o1 . ,

1
T T?

oW

where AE, = AE | + AE,, is the bandgap difference between the materials of the OCL
and QD.

The more uniform the QD ensemble, the lower the carrier density [see (4.8) and
(4.10)] and the recombination current [the second term on the right side of (4.11)] in
the OCL and the higher the T, (Figure 4.6). At room temperature and N,=1.3x 10"
cm™? B=10cm™ and 10% QD size dispersion (0 = 0.05), the characteristic tempera-
ture for the structure optimized to minimize the threshold current density [30] is T,

Total losses, 8 (cm‘1)

10 20 30 40
340 T T T T T T ]
250F J
}\o
160 .
70 M N T S S B S R R
0.05 0.10 0.15 0.20

rms of relative QD size fluctuations, ¢

Figure 4.6 Characteristic temperature against rms of relative QD size fluctuations (atp=10cm’,
bottom axis) and against total losses (at ¢ = 0.05, top axis). Ny =1.3x10"" cm™. (From: [35].
© 1998 IEEE. Reprinted with permission.)
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i
=~ 286K [35]. This estimate is several times higher than the best T, in QW lasers for
ned by the same loss (typically less than 90K).
‘onuni- o )
ffect is Effect Through the Recombination in Nonlasing QDs
- Because of the inhomogeneous broadenin , a certain fraction of QDs does not con-
mbina- . : gene adenuis, a . L
| popu- tribute to the lasing transitions while still adding to the parasitic recombination. As
far as T, is concerned, the effect of thermal po ulation of nonlasing QDs is in princi-
it [36]. 0 pop & P
ple similar to (but not as strong as) that due to carriers residing in the OCL.
The thermal population of nonlasing QDs and hence the T dependence of the
_in the recombination current in QDs, Joo [the first term on the right side of (4.6)], 1s simply
¥ tem- accounted for by the deviation of <fn fp> from the product of the electron and hole
;T ﬁtur € level occupancies in a mean-sized QD. The characteristic temperature for Jopis [36]
ollow-
2 <2 ’ 4 ’ ’ r2 o2 ]
a?é? e e, ¢ e e, +e,
1- = f )t =2 L (A= f )+ 22 (of —1
o O f)l = = L )+, )J
,T = 762 I+ ] ' /2+ r2 (413)
22 €, +e e €, e, +e,
4.12) I—f )Lt —2 22— f )42 250 hr 4
where £ is the level occupancy in a mean-sized QD at the lasing threshold given by
:OCL (4.9), and ¢’ and ¢",, are, respectively, the first and the second derivatives of e,
with respect to the QD size taken at the mean size of the QD’s a.
3) and The dependence of T on § is nonmonotonic (Fj ure 4.7). The decrease of
. p 0,inhom g
[1)]in Togljhom at small 6 is due to the increasing thermal population of nonlasing QDs. At
x 10" large QD size dispersion, when ¢ - 0™, f, approaches unity [see (4.9)] to satisfy the
1pera-
1is T,
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cm’, Figure 4.7 Characteristic temperature 7% as a function of the rms of relative QD size fluctua-
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tions (bottom axis) and the inhomogeneous line broadening (top axis). The vertical dashed line
indicates 6™, (From: [36]. © 2001 IEEE. Reprinted with permission.)
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threshold condition; full occupancy of QDs forces temperature independence of oo
at the expense of a very large increase in the total threshold current.

The characteristic temperature Tyl is much higher than T, ,ea g1ven by
(4.12): As seen from Figure 4.7, Ty, is above 1,500K over the entire range of 6.
Such a characteristic temperature can be essentially considered infinite for most
practical purposes. Hence, the effect of thermal population of nonlasing QDs is neg-

ligible compared to that of the nonlasing 3D region surrounding QDs.

Effect on the Multimode Generation Threshold

The multimode behavior of lasing in QD structures is caused by spatial hole burning
(Section 4.4.5) [37].

The multimode generation threshold j is defined as the excess of the injection
current density over the threshold current density for the main mode, at which the
lasing oscillation of the next (closest to the main) mode of the resonator begins. The
following equation is obtained for dj as a function of § at relatively high T [37]:

2

pCT
Je L o 1 eN
(qnen +qp8p )(5 6max 1_ 6 TZSC +T;sc

a max

6j=2 (4.14)

where L is the cavity length and 7}’; are the thermal escape times of electrons and

holes from QDs. These times are given by

1 1
rcsc — ,L,esc — (4.15)

n 27 p
a,v.n, g,V, D,

where 0, are the QD capture cross sections and v,, are thermal velocities.

We see that decreasing the QD size dispersion improves the single-mode behav-
ior of the laser, in addition to the improvements in threshold current and tempera-
ture stability. As d - 0, the multimode generation threshold increases indefinitely,

diverging as 0™ [Figure 4.5(b)].

Effect on the Internal Quantum Efficiency and the Output Power

We have discussed the effect of QD size dispersion on threshold characteristics. The
QD uniformity is of crucial importance also for the high-power characteristics of a
laser [38, 39].

The general expression for the internal quantum efficiency 7, of quantum con-
fined lasers is (4.31) in a later section. As & approaches its maximum tolerable value
6™ [given by (4.43)], the internal quantum efficiency and the output power both
vanish (Figure 4.8). The more uniform the QD ensemble, the higher 5_ (Figure 4.8),
the more linear the light-current characteristic (LCC) and the higher the output
power (Figures 4.8 and 4.9). In properly optimized QD lasers, discussed later, the

4.4
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[37]: Figure 4.8 Internal quantum efficiency (solid curve, left axis) and output power (dashed curve,
right axis) as a function of the rms of relative QD size fluctuations (at fixed L = 1 mm, bottom axis)
and the cavity loss (at fixed ¢ = 0.05, top axis). (From: [39]. © 2003 |EEE. Reprinted with
permission.) .
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sutput broad-area devices. These results indicate that QD lasers may possess an advantage
er, the over conventional QW lasers for high-power applications.
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4.4.2 Parasitic Recombination Outside QDs

In “traditional” QD laser structures, the QDs are surrounded by the OCL, which
itself is conductive and transports mobile carriers to the QDs. (This situation is
common to all semiconductor diode lasers.) Carriers are first injected from the clad-
ding layers to the OCL and then captured into QDs. A two-step supply of carriers
into the active region, wherein stimulated transitions occur, is detrimental to
both the threshold and high-power characteristics. As a result of such an indirect,
OCL-mediated injection into the active region, (1) the threshold current and its
temperature-sensitivity both increase and (2) the internal quantum efficiency and
the output power decrease. A new approach to the QD laser design, which elimi-
nates the troublesome recombination outside the active region, is discussed in
Section 4.4.5.

Effect on the Threshold Current

High temperature stability of operation is an essential feature required of
long-wavelength diode lasers for telecommunications. Commercial QW lasers based
on InGaAsP/InP heterosystem are rather poor in this respect; the characteristic tem-
perature T, reaches, at best, about 90K.

Ideally, threshold current of a QD laser should remain unchanged with the tem-
perature, that is, T, should be infinitely high [8]. This would be so indeed if the over-
all injection current went entirely into the radiative recombination in QDs.
However, a fraction of the current occurs by recombination in the OCL. This com-
ponent of j,, denoted as j, [the second term on the right side of (4.11)], is associ-
ated with thermal excitation of carriers from QDs and hence depends exponentially
on T'[30, 35]. Itis this component that is mainly responsible for the T dependence of
j» at room temperature and above. Such a mechanism of T dependence is also at play
in other semiconductor lasers, but in QD lasers it plays the central role. Inasmuch as
the growth technology allows us to fabricate reasonably uniform QD arrays, so that
the inhomogeneous line broadening is controlled to a high degree, it is the thermal
exchange between the QDs and the OCL that remains the main obstacle to full reali-
zation of the advantages of 3D confinement.

Assuming charge neutrality, the T dependence of j,, (Figure 4.10) is apparent
from (4.11) and (4.8):

(4.16)

AE, —¢, —¢,
T

jOCL, neutral (T) & Bnl p1 & T3/2 CXP(—

(Temperature dependences of the radiative constant B [30] and of the conduction
and valence band effective densities of states N_, have also been taken into account
here.)

With the increasing energy AE | —¢, —¢, = (AE_ —¢,) + (AE”, —&, ), which

is the sum of the localization energies of electrons and holes in a mean-sized QD, the
free-carrier densities in the OCL decrease and hence so does j, . This makes j_ less
sensitive to temperature. In [40], the OCL was made of AlGaAs, which has a wider
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dependence of the threshold current of semiconductor lasers. It is defined as
ipparent follows [41]:

T = dlnj, \" (4.17)
([ (")T .
(4.16)
Although j, (T) never fits the exponential form exp(T/T,) precisely [as might appear
duction from (4.17)], it is usually adequately characterized by the parameter T, within a nar-
lacuci):;lt row temperature range of interest. Considering a wider range, T, itself is a function

» of the temperature.

) The dependence T, = T,(T) is strong [21] and shows a deep fall-off with increas-
)’ which ing temperature (Figure 4.11). The drastic decrease in T, is explained [35] by the
transition from the low-T regime, when ;, is controlled by recombination in QDs, to
the regime at higher T, when Jw 1s controlled by the parasitic recombination in the

QD, the

s 7, less

a wider ' OCL.
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At relatively high T, charge neutrality violation has negligible effect on the T
dependence of j, (Figure 4.11) and T, is approximately given by (4.12). The factor
outside the square brackets in (4.12) corresponds to a characteristic temperature
Tyiohom defined for the function jo .(7T) given by (4.16).

As discussed in an earlier section, the nonuniformity of QDs affects the thresh-
old current and its temperature stability primarily through the parasitic recombina-
tion outside QDs. Equation (4.9) shows that when ¢ approaches its maximum
tolerable value 6™, the level occupancies in QDs tend to unity. Full occupancy of
QDs requires infinitely high free-carrier densities in the OCL [see (4.10)]. Hence the
recombination current density on the OCL [the second term on the right side of

(4.11)] also increases infinitely.

Effect on the Internal Quantum Efficiency and the Output Power

Power characteristics are also strongly affected by the recombination outside QDs.
As discussed later in Section 4.4.6, due to the noninstantaneous nature of carrier
capture into QDs, the carrier density and the recombination current in the OCL
both continue increasing with the injection current above the lasing threshold. This
causes a deviation of the internal efficiency #, from unity. Furthermore, since the
recombination rate in the OCL is superlinear in the carrier density (first quadratic
and then cubic), the internal efficiency becomes a decreasing function of the injec-
tion current, and hence the LCC is sublinear [38, 39].

It is the ratio of the threshold values of the parasitic recombination current out-
side QDs to the capture current into QDs that determines #, . and the output power

600
400
3
o
200
0 1 A 1
200 250 300 350 400

Temperature (K)

Figure 4.11 Temperature dependence of the characteristic temperature. The dashed curve shows
T, calculated assuming charge neutrality in QDs [see (4.12)]. (From: [35]. © 1998 IEEE. Reprinted
with permission.)
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on the T ata given injection current [38, 39]. Figure 4.12 shows how important the lowering L
"he factor of this ratio is to enhance 7, and the output power. We discuss this issue in greater
aperature detail in a later section.
1€ thf?Sh' 4.4.3 Violation of Local Neutrality in QDs
;Zgzzfn As shown in [4;], the electron level occupancy in a QD may differ. from that
pancy of of a hole; that is, QDs may be .charged. The QD structures are distinct in this
Jence the sense from similar QW structures in that the difference between the hole and the elec-
1t side of tron level occupancies in a QD, f,—f» can be comparable to the occupancies, £, and

f,» themselves (see [42] and Figure 4.13). The distinction is rooted in the low surface

density of QDs, N (typically from several 10" cm™ to 10"cm™), compared to the

2D-carrier density in a QW (typically above 10"cm™). The same amount of surface

charge density, eN; (f, = f,), required to screen a local electric field inhomogeneity,

gives a tangible charge imbalance in the layer of QDs, while being quite negligible
ide Ql_) S relative to the overall electron or hole charge in a QW. This is the reason why QWs #
f carrier can be considered neutral [43, 44] and QDs, in general, cannot. 4
he OCL The violation of local neutrality in QDs strongly affects the threshold character-
D_Id' This istics of a laser. In the absence of neutrality, (4.1) alone does not determine the elec-
since the tron and hole level occupancies in a QD at the lasing threshold. One needs an
uafir?nc additional relation between £, and f,- This relation can be obtained by solving a self-
he injec- consistent problem for the electrostatic field distribution across the heterojunction.

Generally, it can be written in the form:
‘ent out-
it power f,—f,=A (4.18)

O'O i i A i L i A i "
0.0 0.5 1.0
/t2CL/ jcapt, th
Figure 4.12  Internal quantum efficiency as a function of the ratio Jinjeaps, - InjeCtion current
/& shows density j= 10 kA/cm?; the variation of Jin Jeapt, 1 i the range shown (from 8x10™ to 1) is accom-
rinted plished by changing N from 20 x to 2.81x 10"° cm™. (From: [39]. © 2003 IEEE. Reprinted with
permission.)
§
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A specific type of the function A depends on details of the laser structure, for
example, on the spatial distribution of donor and acceptor impurities and the band

offsets.
With (4.18), the level occupancies in a mean-sized QD at the lasing threshold

are:

1 0 1 o)
f, —Z(H,ﬁ“‘“ A}fp —2(1+6max +A) (4.19)

When the local neutrality holds (A = 0), the threshold level occupancy is tem-
perature insensitive [see (4.9)]. Due to the T dependence of A, the violation of charge
neutrality is accompanied by a T dependence of £, and f, (Figure 4.13). Uncon-
strained by the neutrality condition, £, and £, are no longer fixed by the threshold
condition and become T dependent. As a result, the threshold current density com-
ponent j,,, associated with the radiative recombination in QDs is also T dependent
(Figure 4.10). Thus, even if the parasitic recombination outside QDs is tully
suppressed, there remains a T dependence of j,, associated with the violation of
QD neutrality. It is this effect that keeps finite the characteristic temperature T,
(Figure 4.11) at low T (as already observed in the first QD laser [21], when the ther-
mal escape of carriers from QDs is essentially suppressed.

The equation for T, % defined for Joo(T) is

1 A
! ! 9 (4.20)

TE.,  4ff, oT

0,VCN

Level occupancies in QDs

200 250 300 350 400
Temperature (K)

Figure 4.13  Temperature dependence of the electron and hole level occupancies and their differ-
ence at the lasing threshold. The horizontal dotted line shows f, » calculated assuming charge neu-
trality in QDs. =10 cm™ and ¢ = 0.05; N™ = 2.1 x 10" cm™2. (From: [35]. © 1998 IEEE.

Reprinted with permission.)
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ture, for The obtained characteristic temperature T, is positive because the absolute i
the band value of A always decreases with T (Figure 4.13).

At relatively low T, when /s 1s controlled by Jqos the values of T, | obtained
hreshold from (4.12) (Figure 4.11, dashed curve) are far larger than the actual T, calculated

taking into account violation of neutrality (Figure 4.11, solid curve).

(4.19) 4.4.4 Excited States

Ideally, there should be one electron and one hole energy level in a QD,
718 tem- since the presence of excited carrier states may degrade some of the advan-
f charge tages of QD lasers. This complication would not be as severe for highly symmetri-
Uncon- cal (e.g., cubic) QDs, where multiple hole levels can be tolerated provided one has
weshold only one electron level. The reason is that radiative transitions from the ground elec-
ity com- tron state to excited hole states are forbidden by the selection rules in sufficiently
pendent symmetrical structures. However, such transitions are allowed in actual, low-
is fully symmetry (e.g., pyramidal) QDs. Moreover, there may also be excited electron

ition of states [45].
iture T, In the context of lowering 7 and enhancing T, excited state transitions are unde-
he ther- sirable. On the other hand, from the standpoint of increasing the maximum gain,

their presence may even be beneficial. It is via such transitions that lasing often
occurs in short-cavity QD structures. Interestingly, the observed switch of the lasing
wavelength with the cavity length (see, e.g., [46]) can be attributed to the contribu-
(4.20) tion of these “forbidden” transitions [47, 48].

A detailed theoretical study of the effect of excited state transitions on the
threshold characteristics of a QD laser was given in [47, 48]. Here we discuss the
effect of excited states on the T dependence of j, [49].

The presence of excited states serves as another source of T dependence of j,,
because of the thermally activated parasitic recombination associated with excited
state transitions. Denoting the characteristic temperature limited by the presence of
excited states by T, the ratio T,™/T can be put in the form of a universal function
of A™/T (where A™ is the separation between the transition energies; see
Figure 4.14):

3
1 ACXC
— —1|exp )+1
T 1 Hf ) ( T J e 1—7
- Ty 7
T 1_’,2 A€ 1 . A n 1 /AexL 2
—_— = ex — -
T |/, p T 3 1 exp( T +1

(4.21)

where 7, is the occupancy of the ground state in a mean-sized QD, »=1/(I,+1,), and
I, and I, are the rates (the reciprocals of the spontaneous radiative lifetimes) of the
r differ- ground and excited state transitions, respectively.

e neu- For small enough QDs, the T dependence of j, arising from thermally excited
states is negligible compared to the effects of parasitic recombination in the OCL
and charge neutrality violation.




132

Quantum Dot Lasers: Theoretical Overview

Bulk & QW QD

Lasting transition

exc

Figure 4.14  Carrier population in bulk, QW, and single QD. The dashed arrow shows the excited
state transition in a QD. (From: [49]. © 2003 IEEE. Reprinted with permission.)

Suppression of the Effect of Excited States of Holes by p-Doping

In QDs supporting multiple closely spaced hole levels, the effect of excited states on
the T sensitivity of j, can be strong. Thermal smearing of the hole population among
many states means that a large T-dependent fraction of injected holes is not in the
ground state. Achieving the population inversion for lasing in such structures
requires a T-dependent threshold current. To eliminate this problem, doping QDs
with acceptors was proposed [26]. Owing to the larger separation of electron levels
(due to the smaller effective mass), the injected electrons lie mostly in their ground
state. The large hole occupancy built in by the p doping now ensures that injected
electrons always find ground state holes to recombine. A high value of T, (160K)
was achieved by this method [26].

4.4.5 Spatial Discreteness of Active Elements: Hole Burning

Spatial hole burning (SHB) in semiconductor [50, 51] and solid-state [52] lasers is
due to the nonuniformity of stimulated recombination. It leads to the lasing oscilla-
tion of higher modes of the resonator together with the main mode. The problem of
multimode generation is of primary importance for many laser applications [10]. To
suppress the additional modes and properly design single-mode operating lasers, it is
essential to understand the key physical processes controlling the multimode genera-
tion threshold.

Ina QD laser, the SHB effect can be particularly strong in view of the spatial dis-
creteness of QDs [37]. The point is that the stimulated emission in a laser cavity is a
standing wave (with several thousands of wavelengths accommodated along the
cavity length). The stimulated recombination will be most (least) intensive in the
QDs located at the antinodes (nodes) of the light intensity (Figure 4.15). This gives
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Population inversion
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1. Radiative recombination in QDs
2. Radiative recombination in the OCL
3. Capture into QDs and thermal escape from QDs
4. Diffusion along the longitudinal direction
Figure 4.15 Schematic cross section of a QD laser structure along the longitudinal direction.
rise to SHB of the population inversion—QDs located near the antinodes (nodes)
are depleted (overfilled).
In semiconductor bulk or QW lasers, the resultant nonuniform carrier distribu- ,
tion is smoothened out by diffusion, which partly or totally suppresses the SHB .

effect [50].

A drastically different situation occurs in QD lasers. Here, diffusion plays a
minor role. Because only those carriers that are localized in the QDs contribute
to the stimulated emission, the smoothing of nonuniform population inversion
requires a series of transport processes: thermal escape of carriers from the over-
filled QDs, diffusion in the OCL to the depleted QDs and capture into the latter S
(Figure 4.15). This slow carrier exchange between individual QDs may result in a :
highly nonuniform population inversion, and hence a strong SHB. This in turn
implies that the multimode generation threshold may be low. A detailed study of
SHB based on the steady-state rate equations (for confined carriers, free carriers,
and photons) is presented in [37].

We can see from (4.14) that the multimode generation threshold d; is governed

by the characteristic times 7., of the thermal escapes from QDs. Thermal escape,
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rather than diffusion, is the slowest process controlling the smoothing of nonunj.
form population inversion. A similar situation arises in lasers based on band-to-
impurity optical transitions [53, 54].

The temperature dependence of d; resides in the escape times T, [see (4.8) and
(4.15)]. The main reason is the exponential temperature dependence of the quanti-
ties 7, and p,. Concurrent with the unwelcome increase of j,, the increasing T leads
to a desirable increase of Aj (Figure 4.16). This occurs because the thermal escape
from QDs becomes much more effective at high T. (Similarly, dj increases with T in
semiconductor bulk lasers, due to the enhanced diffusion at higher T [50].) Thus,
provided SHB is the only (or the main) factor that allows many modes to oscillate
simultaneously, the number of the lasing modes decreases with increasing T and
hence the LCC becomes more linear. This may explain the observed increase with T

of the slope efficiency in a QD laser [55].

4.4.6 Intrinsic Nonlinearity of the Light-Current Characteristic

In every QW, QWR, or QD laser, the quantum-confined active elements are embed-
ded in a bulk reservoir region, which also serves as the OCL, wherefrom carriers are
fed via some sort of a capture process. Because the capture is never instantaneous, it
gives rise to a current dependence of the carrier density # in the reservoir, even above
threshold when the carrier density in the active region itself is pinned. The increasing
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Figure 4.16 Temperature dependence of the multimode generation. Solid and dashed curves

describe, respectively, the threshold current density for the main and the next longitudinal modes;
the dotted curve corresponds to the multimode generation threshold. The relative multimode gen-
eration threshold is shown in the inset. (From: [37]. © 2000 IEEE. Reprinted with permission.)
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n leads to an increase in the parasitic recombination current in the reservoir, and
contributes to a deviation of the internal differential quantum efficiency 7, from
unity. This fact was noted earlier [56-61] but the actual reduction in 7. Was quanti-
fied only recently [38, 39].

The “reservoir effect,” combined with the nonlinear (superlinear in ) depend-
ence of the recombination rate in the reservoir, makes the light-current characteris-
tic (LCC) sublinear at high injection currents [38, 39]. The resultant degradation of
the LCC is comparable in magnitude to the entire experimentally observed degrada-
tion, even neglecting all other known mechanisms of nonlinearity (such as the lattice
and carrier heating). This suggests that the reservoir effect 1s a dominant mechanism
limiting both the output power and the linearity of the LCC.

Rate Equations

The steady-state rate equations for carriers confined in the active region, free carri-
ers in the OCL and photons can be written as follows:

jcapt - jesc - /;";::5 - jstim =0 (4'22)
/esc - /capt - /OCL + / =O <4'2’3)
1 N
jstim —e—=0 (4'24)
ST,

where j and j,__are, respectively, the current densities of carrier capture into and
carrier escape from the active region, Jgon and j_ are the spontaneous and the
stimulated recombination current densities in the active region, /° is the parasitic
recombination current density in the OCL, j is the injection current density, S is the
active layer area (the cross section of the junction), N is the number of photons in
the lasing mode, and 7., is the photon lifetime in the cavity.

Taking into account that

Cc

frim == g"N (4.25)
S Je,

where /e is the group refraction index of the OCL, it follows immediately from

(4.24) that the modal gain spectrum peak g" pins above threshold and hence so does
the carrier density in the active region.

Because ;. and j25 are both controlled by the carrier density in the active
region, they also clamp above threshold. On the other hand, the capture current is
linear in the carrier density 7 in the OCL:

ev_n =@ (4.26)
T

capt

]g_apt = capt
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where v_ is the capture velocity (in centimeters per second) and T, 1s the “capture
time” into the active region. Thus, we obtain from (4.22)

n=n, (1+7—’"J (4.27)

] capt, th

where 7, and 7, , are the threshold values of 7 and Jeapes TESPECtively (72, is not to be
confused with the threshold carrier density in the active region). The slower the car-
rier supply to the active region (the lower j_ ), the larger is 7 — n,.

s active

Using (4.22) and (4.23) and taking into account that Joon Pins above threshold,
the excess injection current density j — ] 1S

j—izh =/OCL _]f})]CL + /srim (4'28)

where j, =0 + ; son_ 18 the threshold current density, with 7 S being the value of

th
O atn=mn,.
When the dominant recombination channel in the OCL is spontaneous radia-

tion, then j°“" « n* [with # given by (4.27)]. Using this in (4.28) yields

(4.29)

-OCL -OCL

]_/th =(1+ ./srim J _1+ ]Stim
th th

] capt, th

Solution of quadratic equation (4.29) gives /.. as a function of j - J+; substituting
this function into (4.27), we obtain an expression for # (Figure 4.17).

Direct Relationship Between the Power and the Threshold Characteristics

The internal differential quantum efficiency of a semiconductor laser is defined as
the fraction of the excess injection current that results in stimulated emission:

0.5

nint
n(x10"® cm™)

1 R 1 R 0

0.2 + L
7.5 10.0

0.0 2.5

50
J = Jypy (KA/Cm?)

Figure 4.17 Internal quantum efficiency (left axis) and free-carrier density in the OCL (right axis)
against excess injection current density, where j, = 336.99 A/cm? and Jin "/ Jeapt, v = 0.523 at Ny =
2.9 x 10" em™. (From: [39]. © 2003 IEEE. Reprinted with permission.)
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M = L2 (4.30)
/ - ]rh

Taking /. from (4.29), we find the following expression [38, 39]:

1
e = - (4.31)
-OCL -OCL -OCL . .

1. To M1 T 4 S (+/rh

]Capt, th 2 lcapt, th Icapt, th /Capt, th

We see thatn._is a decreasing function of 7= Js (Figure 4.17).

The output optical power is of the form
ho B

P=—¢§(j- 4.32
e (I ]th )nmt ﬁ + amt ( )

where f and a, are the mirror and the internal losses, respectively. Thus, the output
power is sublinear in the injection current (Figure 4.9). This mechanism of nonline-
arity is inherent to quantum-confined lasers of arbitrary dimensionality. Equation
(4.31) for#, is universal—it retains the same form for QD, QWR, and QW lasers.

For a given j -, the internal quantum efficiency (Figure 4.12) and the output
power are controlled by the dimensionless parameter;j_ /i o which is the ratio of
the recombination current in the I€SErvoir to carrier capture current, both taken at
threshold. The lower this ratio, the closer 7,_is to unity (Figure 4.12) and the more
linear the LCC (Figure 4.9). Ideally, when this ratio vanishes (e.g., when 7O =
0—no recombination in the OCL), one has M. = 1 at an arbitrary injection current
and the LCC is linear. In general, however, j O s 5 tangible fraction of the tota] Js
and7, <1levenat;= Ja In optimizing the structure for minimum j,, it is this com-
ponent that should be suppressed first and foremost [30].

The conclusion that the power performance of a laser is linked to its
threshold characteristics is of great importance. The higher the excess of the
injection current over the threshold current, the stronger this relation is manifested
(Figures 4.9, 4.12, and 4.17). The higher the required output power, the lower
should be the threshold current (Figures 4.9, 4.12, and 4.17). Since QD lasers pos-
sess the lowest /., among all current semiconductor lasers, these results suggest their
other potential advantage, namely the possibility of achieving highest output
powers.

The higher the excess current /-y, the larger the fraction of it that goes into the
parasitic recombination outside the active region. To accommodate carrier con-
sumption by the active region, carriers accumulate in the OCL much in excess of
their threshold amount. The resultant superlinear increase in parasitic recombina-
tion degrades the LCC.

Thus, at high injection currents the LCCis strongly sublinear (Figure 4.9); 7 and
P increase as V7 =7 (Figures 4.17 and 4.9), while »_ decreases as 1 I'\NT=7w

(Figure 4.17):

Sean RS AR
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jcapt, th
77mc = R . . (433)
fo (G =iw)

1 =7
n=n, |t (4.34)
]th
ho . =i B
P=—3§ 4.35
e ]capt, th /-g]CL IB+(th ( 3)

These square root dependences result from the assumed bimolecular (e« #°) recombi-
nation in the OCL.

The higher the degree of superlinearity of the recombination rate in the OCL
with respect to 7, the higher the degree of sublinearity of the LCC. Because the
nonradiative Auger recombination rate increases as 7’, this recombination channel
becomes dominant at sufficiently high injection currents. In the Auger limit, the dif-

ference j "~ 79 in (4.28) will be dominated by the cubic (in ) term, that is, J=J.

« j ... Hence, both j and P will be proportional to 3/j —j, andy, =/ /(j-j,) «
/s(im/jjtim = 1 /jiim & 1 / (i_jrh

Thus, the actual shape of the nonlinear LCC depends on the dominant recombi-
nation channel outside the active region. It is therefore possible to identify the domi-
nant channel by analyzing the LCC shape.

)2/3

Capture into the Active Region

The ratio jQ°/ Jeape,w 10 (4.31) can be written as follows:

-OCL
/ h tcap[, th 5
= (4.36)
]Cap[, th T th
where the time constants
1
‘Z'SICL = B—‘ (437)
n th
b capt, 0
Tap === 7= = (4.38)
UCBPF - f)l

may be regarded, respectively, as the recombination time in the OCL at the lasing
threshold and the “capture time” into the active region; f, is the level occupancy in

the active region at the lasing threshold. (As already discussed, £, is pinned above
threshold.)

2 o S T N N S
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T i

The time constant T . o 18 the “capture time” into an empty active region. For a

4.33
(4.33) ’ QD ensemble,
' 1
Tcapt. 0 = N (439)
4.34 o,v, —>
( ) n n b
For a specific structure considered in [38,39], 7., ,=10" sec.
(4.35) With (4.38), the stimulated recombination current density and the output
power can be written in the form
-ecombi- jo ZM (4.40)
Tcapr
he OCL
ause the Voo (n=n,) 8
Channel P - hw Tcapt ﬂ + aint (4‘4 1 )
, the dif-
15 /= T where V,, is the OCL volume. Equations (4.40) and (4.41) reflect the obvious fact
7—/ ) o« . . . .. -
th that the supply of carriers to the active region (the origin of all stimulated photons
and optical power) occurs by the capture process.
ecombi- For both nonlinear recombination channels in the OCL, either spontane-
ie domi- ous radiation, or nonradiative Auger recombination, 79% depends on #, (as
o<1 /m, or1/ n%,, respectively). The “capture time” 7__is inversely propor-
tional to the 3D density of unoccupied states in the QD ensemble (Ng/b) (1-F).
Both £, and 7, depend on the structure parameters (see Section 4.4.7). For this rea-
son, 79 and 7., arenot the true time constants describing the respective processes.
Furtherstill, 7 isa characteristic of the entire QD ensemble, rather than of a single
QD. In the strict sense, the capture time into a single QD cannot be introduced prop-
(4.36) erly (though this is sometimes done in the literature). The adequate physical quan-
) tity, describing correctly the carrier capture into a single QD, is the capture cross
section g,
4.4.7 Critical Sensitivity to Structure Parameters
(4.37) As discussed earlier, the modal gain is limited by its saturation value g™ [see (4.3)].
This implies that lasing in QD structures is possible only in a certain range of toler-
able parameters. This range is given by the inequality g™ [N, (Ae),...1 =B (L)
(4.38) (Figure 4.18). The boundary of the tolerable region (the surface g™ = f in
’ Figure 4.18) determines the critical tolerable parameters of the structure—the mini-
mum surface density of QDs N§"™, the maximum rms of relative QD size fluctua-
- lasing tions 0" and the minimum cavity length L™ [30, 37]:
ancy in 2 s
min 4 \/E (Aé‘)mhom a ] 1 ¥
abOV(ﬁ NS = g (ZJ TQD \h F z In— (442) :
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Figure 4.18 Tolerable values of structure parameters. The three axes correspond to the surface
density of QDs, the rms of relative QD size fluctuations, and the cavity length. The range of toler-
able values of these parameters lies above the shown surface. (From: [37]. © 2000 IEEE. Reprinted
with permission.)

/1 2 -1
5mx=§(_oJ 1 r h (ml) LN, (4.43)
4 \/‘; TQD a(qngn‘-,-qpep) R
2
—4(e a(Ae),. . 1 1
Lo =2 NE 22 mbom_~ 1y — 4.44

where R is the facet reflectivity.

The more perfect the structure (lower d) or the longer the cavity, the lower is
N{§". The denser the QD ensemble (the greater N,) or the longer the cavity, the
greater is 0™". The more perfect the structure or the denser the QD ensemble, the
shorter is L™,

The threshold condition can be expressed [37] in terms of the critical parameters

as follows:

f.+f, = lv—éix (4.45)
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Equation (4.45) describes the population inversion in a mean-sized QD
required for the lasing at a given 0. The ratio 8 / 5™ on the right side of (4.45) [and,
: similarly, (4.9)] can be equivalently replaced by N " /Nyor L™/ L.

The fact that lasing is possible only for a certain range of structure parameters s
| inherent to all types of lasers. This is of particular importance for QD lasers in view
i of the great variability of their structure parameters (such as N; and 6). In a

well-designed QD laser, all parameters should be far away from their critical values.

Threshold Characteristics

Equat_ion (4.45) shows that as a structure parameter approaches its critical value (N "
! >N§",0rd=0™ or - L™, both f and f, tend to unity. This means that both the g
! electron and the hole QD levels become fully occupied, which requires infinitely g

high free-carrier densities in the OCL [see (4.7) and (4.10)] and hence infinitely high
pumping: j, - o [see (4.11) and Figure 4.5].

Multimode Generation Threshold

As any structure parameter approaches its critical value, one sees the divergence of
not only the threshold current density for the main mode Js but also of the threshold
current density for the next mode 7> and of the multimode generation threshold ¢;
[see (4.14) and Figure 4.5]. At the same time, the relative multimode generation

;r{?)IC:r- threshold ¢; / Ja drops to zero (see the insets in Figure 4.5), which means an infinite
rinted increase in the number of simultaneously generated longitudinal modes.

Power Characteristics

The level occupancy in a QD at the lasing threshold ranges within 1/2 < f <1 [here
we assume QD charge neutrality and use (4.9)]. The low value of 1/2 corresponds to
(4.43) a vanishing QD size dispersion or negligible total loss, when the lasing threshold is
close to the transparency threshold.

As discussed earlier [see (4.31)], reducing jtohCL//capty + 18 a key to enhancing the
internal quantum efficiency and the output power. The minimum value of this ratjo

(4.44) (obtained when £, = 172) is typically much less than unity. Thus, for a specific struc-
ture considered in [38, 39], it is 107 at room temperature.

When the structure parameter is close to its critical value, then £, - 1 and J ot/
wer is Tepn = ©. As a result, the internal quantum efficiency and the output power both
ty, the drop to zero (Figure 4.8).
le, the In view of the critical dependence of the ratio 7oty Jeape, s ON SErUCtUre parame-

ters, it is crucial to optimize the QD laser design. Thus, for the optimized structure
neters considered in [38, 391 (£, = 0.655), this ratio is 3 x 107, which is close to its mini-
mum value. This means that the LCC of such an optimized structure wil] be linear
up to very high injection currents (Figure 4.19).
(4.45) Critical structure parameters for threshold and power characteristics also exist 2]

in QWR and QW lasers. 4
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Figure 4.19 Injection current density dependence of the output power (left axis) and photon
number (right axis) for a broad-area (W = 100 um) optimized QD laser (N2 = 8.268 x 10 cm’?,
b®" =0.227 um, and j,, = 12.41 A/cm®). The dashed line corresponds to the ideal situation, N =
1. Power and photon number per QD are also shown. The top axis shows the excess injection cur-
rent. (From: [39]. © 2003 IEEE. Reprinted with permission.)

4.4.8 Dependence of the Maximum Gain on the QD Shape

The maximum modal gain of a laser g™ depends on the shape of QDs [47, 48] and it
is higher for more symmetrical QDs. It should therefore be possible to improve the
laser performance by engineering optimal QD shapes. The crucial factor is the over-
lap integral I between the electron and the hole wave functions, which strongly
affects g™ [g™ o I, see (4.3) and (4.4)]. Ideally, in QDs of highly symmetrical (e.g.,
cubic) shape, this integral is close to unity and the spontaneous radiative lifetime 7,
is about 1 ns or shorter. In this case, the saturation value of the modal gain g™ for a
single layer of QDs is a few tens of cm™, which is high enough to ensure lasing even
in short (submillimeter) cavities. The actual self-organized QDs are of lower symme-
try (e.g., pyramidal shape) and the overlap integral between the ground electron and
hole states is several times less than unity [45]. This makes g™ as low as several cm™
[47, 48] and lasing in short cavities becomes impossible. Clearly, it would be of tre-
mendous value to control the shape of self-organized QDs.

Recently, a method was developed to grow more symmetrical (truncated)
QDs [28]. A laser diode with truncated QDs outperformed a reference sample with
nontruncated, pyramidal QDs. The authors demonstrated almost a factor of 2
increase in g™ and an extremely high T, = 380K (at temperatures up to 55°C). This
is the highest value of T, ever reported in this temperature range.

An alternative technique of shape-engineering was developed in [62], based on
controlling the QD heights. These authors also demonstrated a significant change in
the optical properties of their structures.

4.4




Overview

joton

10 -2
) cm”,
1; ﬂim =
tion cur-

'] and it
ove the
1e over-
trongly
al (e.g.,
ime 7y,
“fora
1g even

ymme-

on and

alem™

of tre-

icated)
e with

r of 2
). This

sed on
nge in

4.4 State-of-the-Art Complications 143

4.4.9 Internal Optical Loss

Internal optical loss adversely affects operating characteristics of semiconductor
lasers. Because of the lower value of the optical confinement factor, the effect of

as QW, QWR, and QD lasers, than for bulk lasers [10].

All different processes, contributing to the internal loss, can be grouped
INto two categories, one (such as free-carrier—absorption in the OCL, or simply
the waveguide) dependent on the Injection carrier density, the other (such as
interface scattering or absorption in the cladding layers) insensitive to this den-
sity [63]. Absorption in the active region of QW and QWR lasers is relatively small
compared to absorption in the OCL, at least at high injection currents 7 (or high
temperatures T—see [64, 65]); the analogous process in the active region of QD
lasers, which is carrier photoexcitation from the discrete levels to the continuous-

Assuming equal electron and hole occupancies (.=1,) and writing the total net
internal loss coefficient @, (the quantity we shall refer to simply as the internal loss)
as the sum of a constant @, and a component linear in n, the lasing threshold condi-
tion is brought into the form [63] [see (4.1)]:

gmax(zfn - 1) :ﬁ+a0 +Umtnl 15"](

(4.46)

where g™ is the maximum (saturation) value of the modal gain g (f)=g™ 2f.-1)
[see (4.2)], B is the mirror loss, and 0,, = const(n) can be viewed as an effective cross
section for all absorption loss processes (for the type of carrier that dominates
absorption).

The solutions of (4.46) are [Figure 4.20(a)]

crit — crit ) 2 1 a
fnl,n?_ =fn +ﬂ(fn ) “Ino —;gm(:x (447’)

where
1 1 a, lo,n
14 -0 Tl 4.48
fn 2( an 2gmax 2 gmax) ( )

is the “critical” solution [when the cavity length equals its minimum tolerable
value—see (4.53) later] and
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fn0=1(1+ /3) (4.49)

of (4.9).
Both solutions (4.47) are physically meaningful and describe two distinct lasing
! thresholds [63]. The lower solution, f,,, is the conventional threshold, similar to £,
but modified by . The second solution, f,,, appears purely as a consequence of the
; carrier density-dependent «_ in the OCL.
i In the absence of lasing, the injection current density has the following relation

to £, [30, 39]:

|
’ is the solution in the absence of internal loss; (4.49) is an equivalent representation

N 2
j=Ns oy g fr (4.50)
Tao (a-7)

The lower and the upper threshold current densities, ,, and j,,, are given by
(4.50) wherein one substitutes either f, = f,, or £, = £.,.

The existence of a second lasing threshold stems from the nonmonotonic

dependence of g" - a, on f, [Figure 4.20(a)], or, equivalently, on # or j
[Figure 4.20(b)]. The point is that the modal gain g"(f,) = g™*(2f, - 1) increases line-
arly with £, [Figure 4.20(a)] and saturates at its maximum value g™ as f, = 1 [which
corresponds to # = « and j = co—see (4.7), (4.50), and Figure 4.20(b)]. At the same
time, a, is superlinear in f, [see (4.46) and Figure 4.20(a)] and increases infinitely as
f,— 1. Ata certain f,, that is, at a certain j, the rate of increase in @ with j will inevi-
tably equal that of increase in g", and hence the difference g"- . will peak. Any fur-
ther increase of j will decrease the difference g™~ «, [see Figure 4.20(b)]. This
corresponds to the so-called “loss-multiplication” regime, discussed in [64, 65] for
QW lasers (and attributed to the pileup of carriers due to electrostatic band-profile
deformation [44, 67]) and in [68, 69] for QD lasers. As evident from our analysis,
| this regime and the second lasing threshold are inherent to all structures where a.
‘ depends on n.
’ Note that the second lasing threshold can also arise due to other mechanisms,
for example, carrier heating. As the carrier temperature increases with j
[9, 44, 70-72], the modal gain itself can become a nonmonotonic function of /,
decreasing at high j [70, 71].

In a CW operation, increasing j from zero, one reaches the first lasing threshold
Ju:- Above this threshold, the difference between the gain and the internal loss is
pinned at the value of the mirror loss # and hence Figure 4.20 (which is valid for
determining the positions of both thresholds) no longer applies. What actually hap-
pens above j, is shown in Figure 4.21, derived by rigorously solving the rate equa-
tions in the presence of light generation [63].

Above the second threshold j,, and up to a maximum currentj__, both the gain-
current dependence [Figure 4.21(a)] and the LCC [Figure 4.21(b)] are two-valued.
Atj =7, the two branches merge in both characteristics. The origin of this striking
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K |
f 7, I
behavior is clear. As @, increases with the current, the gain strictly follows it so as to
Old | maintain the stable generation condition &"—a, =p. This continues up to the maxi-
Sf 1S , fium pump current 7. at which the lasing is quenched.
or ;

!, At this time, we cannot propose a definite experimental technique to access the
p- lower branch of the LCC [Figure 4.21(b)]. (Analysis of the stability of the lower

aa- branch regime will be published elsewhere.) Nevertheless, we stress that an experi-
. mental determination of the second threshold would provide us with a new and
mn- valuable technique for measuring the loss parameters. Indeed, with the measured T
3dg' and j,., the values of £, and /.. can be calculated from (4.50). Both ¢, and 0, can
n

then be expressed in terms of 1., and £, as follows [see (4.47) and (4.48)]:
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Figure 4.21 Two-valued characteristics: (a) gain-current and (b) light-current. The branches cor-
responding to the lower and upper lasing regimes (solid and dashed curves, respectively) merge
together at the point j,.,, which defines the maximum operating current. At j >, the lasing is
quenched. The dotted curve in (a) is the gain-current dependence for a nonlasing regime; the
intersection of the solid (dashed) curve and the dotted curve determines j, (ji.,)- In (b), the
assumed stripe width w = 2 um. (From: [63]. © 2003 American Institute of Physics. Reprinted with

permission.)

ay =28™(Fufs —Fu) (4.51)

max

28 (U fuf ~Fu —f) (4.52)

n

Il

o int

When only one threshold exists, the carrier density-dependent internal loss is negli-
gible and «, is determined from the “~” solution in (4.47).

The thresholds j,, and j,, depend on the cavity length L (Figure 4.22) and
approach each other as L decreases. At a certain critical L that we shall call the mini-
mum tolerable cavity length L™, the horizontal line for the mirror loss 8 is tangent

to the curve for g" —a,__at its maximum (Figure 4.20). In this case, the threshold con-

dition has only one solution, her £, = f,, = £, and j,, = j..- For L < L™, there is no
solution of the threshold condition and hence no lasing is possible. The equation for
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Figure 4.22 The lower and upper threshold current densities (solid and dashed curves, respec-
tively), ji,, and ji,, against L. The curve for |

Jun joins smoothly the vertical dash-dotted line at the
critical point. The dotted curve and the vertical dotted line show the threshold current density .,
and its asymptote at the critical point in th

e absence of internal loss. (From: [63]. © 2003 American
Institute of Physics. Reprinted with permission.)

min
Lmin - L 0

i (4.53)
V2 [Tt

g g max

where LT" = (1/ ™) In (1/ R) is the minimum cavity length in the absence of «,_
given by (4.44). In (4.48), ™ = (1 / L™) In (1 /' R) should be entered for B in
this case.

Measurement of L™ provides yet another wa
parameters. For example, L™

different mirror reflectivities
ues of L™, (4.53)

y of determining the internal loss
can be measured for two structures characterized by
with other parameters invariant. With these two val-
will give a set of two equations for a,and a,,.
Note that L™ sets a considerably more strin

a QD laser similar to that considered in
em”ando,_ =2.65x107"

=10 cm™. Assuming as-c
me

gent restriction than L2, Thus, for
[30, 39] and taking plausible values a,=3
cm”, we find the maximum tolerable mirror loss to be g™
leaved facet reflectivity at both ends (R =0.32), this yields
= 1.139 mm, which is almost a threefold increase compared to L}™ = 386 um.
Hence, the absence of lasing often observed in short-cavity QD structures can be
attributed to the internal loss. This conclusion is consistent with the discussion
in [68, 69].

All equations and analysis of this section appl
lasers. One specifies the ty

and the appropriate rel
rent density in the qua

y equally to QW, QWR, and QD
pe of laser by substituting the relevant expression for g™
ation between the spontaneous radiative recombination cur-
ntum-confined active region and 7. 130, 39].
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4.5 Novel Designs of QD Lasers with Improved Threshold and Power
Characteristics

4.5.1 Temperature-Insensitive Threshold

semiconductor lasers originates from carriers that do not contribute to the lasing
' transition. In lasers with 3D (bulk) or 2D (QW) active regions, there is always 4
} population of carriers within some range around the lasing transition energy

i
!
3 At relatively high temperatures, the dominant source of the T dependence of j, in al|

(Figure 4.14). These carriers reside in the active region itself and their recombination
contributes to a T-dependent threshold.
i It is the absence of parasitic recombination in the active medium itself that gave
rise to the original hopes of ultra-high-temperature stability in QD lasers, where
i optical transitions occur between discrete levels. However, as discussed earlier, in all
E conventional QD laser designs the problem of parasitic recombination has not been
removed. This recombination arises primarily from carriers residing in the OCL.
When the entire injection current is consumed in QDs (j,, = j,), the remaining contri-
[ butions to the T dependence come from (1) recombination in nonlasing QDs [see
(4.13)], (2) recombination via nonlasing, excited states in QDs [see (4.21)], and (3)
violation of charge neutrality in QDs [see (4.20)]. In this case, there should be only a
slight T dependence of j,, and T, should be very high.

Thus, we can expect that suppression of the OCL recombination alone will
result in a dramatic improvement of the temperature stability.

Tunneling-Injection QD Laser

One way of suppressing the OCL recombination is based on the idea of tunnel-
f ing injection of carriers into the QDs [36]. Basically, a tunneling-injection QD
laser is a separate confinement double heterostructure (Figure 4.23). Electrons and
holes are injected from 7- and p-cladding layers, respectively. The QD layer, located
in the central part of the OCL, is clad on both sides by QW's separated from the QDs
, by thin barrier layers. Injection of carriers into QDs occurs by tunneling from the
! QWs.
l A fraction of injected carriers might not recombine in QDs but escape in a sec-
ond tunneling step into the “foreign” QW and recombine with the majority carriers
there. The size of this fraction depends on the ratio of the escape tunneling rate to the
QD recombination rate and is practically independent of T. Clearly, the escape tun-
neling does not lead to a T dependence of j,.
The key idea of the tunneling-injection device is that carriers cannot bypass the
QDs on their way from one QW to another. This means that QDs become the sole
reservoir delivering minority carriers to the adjacent QW and OCL regions on either
side. Hence, outside the QDs there will be no region in the structure where both elec-
tron and hole densities are simultaneously high. The electron density is high where
the hole density is negligible, and vice versa. Only in the QDs themselves will there
be a nonvanishing spontaneous radiative recombination rate. The suppressed para-
sitic components of j, would otherwise give the main contribution to temperature ]

dependence.
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and (3) Figure 4.23 (a) Energy band diagram of a tunneling-injection QD laser and (b) schematic view. '

The QWs and the QDs (not drawn to scale) are assumed implemented in the same material,
although this does not necessarily have to be the case in general. The electron-injecting QW is
wider than the hole-injecting QW and both QWs are narrower than the QD to accomplish reso-
ne will nant alignment of the majority-carrier subbands with the QD energy levels. The tunnel barrier on
the electron-injecting side is made thicker to suppress the leakage of holes from the QD. (From:
[36]. © 2001 IEEE. Reprinted with permission.)

only a

~unnel- . With the parasitic recombinatio.nloutside QDs suppr§s§ed, there.ma}'f be iny a
;n QD slight T. dependepce of j, = jo arising from the remaining contributions items
s and (-3) liwed ealier, —

ocated Moreover, it is interesting to note that even these remaining contributions are
e QDs strongly suppressed in the idealized structure (Figure 4.23) due to the resonant
nature of tunneling injection. These “finer” effects discussed later further enhance

om the the temperature stability. In an idealized structure, we can expect a literally infi-
' a sec- nite T.O' S . :
arriers First, the resonant nature of tunneling injection leads to an Vef'fect.lve narrowing
to the of the inhomogeneous linewidth. Indeed, such mechanism of injection inherently
se tun- selects the QDs of the “right” size, since it requires the confined-carrier levels to be
in resonance with the lowest subband states in the QW. When this condition is met

1ss the by the QDs of average size, the number of active QDs will be maximized. Selective
Je sole %njection means that nonlasing QDs are not pumped at all. Second, the tunneling i
cither injection selectively removes the supply of carriers to the nonlasing excited states in
b elec- a lasing QD. Third, the resonant nature of tunneling injection favors correlation of

where the QD occupancies by electrons and holes, so that all active QDs will tend to

| there remain neutral.

para- It is encouraging to note recent developments related to the concept of a

rature tunneling-injection QD laser. In [72-74], a CW room temperature (both photo-

pumped and diode) lasing was demonstrated in the InAIP-In(AlGa)P-InP visible-
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red system (4 = 656-679 um), wherein the InP QDs were coupled by resonant tup.
neling to a single InGaP QW. In the later work [75, 76], this idea was realized in the
AlGaAs-GaAs-InGaAs-InAs infrared system, wherein the InAs QDs were coupled
to the InGaAs QWs. In contrast to [72-74], the QD layer in [75, 76] was sand-
wiched bétween the two QWs; like the structure in Figure 4.23(b), the QWs were of
different thickness. The use of tunnel coupling of QDs to QW(s) improved the car-
rier collection and localization in the QD region and reduced j,. In [77], the tunnel-
ing transition rate from a QW to a model (disk-shaped) QD was calculated. In [78),
introducing the tunnel-injector QW from only the #-side of the structure increased
significantly T, of the InGaAs/GaAs QD laser (T, = 237K at room temperature),
In [79], T, = 363K was reported in the temperature range of 278 to 333K, and T, =
202K in the temperature range 333 to 373K.

Bandgap-Engineered QD Laser

Tunneling injection suppresses parasitic recombination by ensuring that the electron
density is high where the hole density is negligible, and vice versa. An alternative
approach to accomplish this goal can be based on the ability to independently con-
trol the potential barriers and fields acting on electrons and holes in the same physi-
cal region [49].

In the structures in Figure 4.24, the QD layer is embedded in the OCL in
such a way that there are only low barriers [Figure 4.24(a)] or no barrier at all
[Figure 4.24(b)] for injection of electrons (from the left) and holes (from the right)
into the QDs. On the other hand, the structures are provided with large impenetra-
ble escape barriers that block electron injection into the right-hand side of the struc-
ture, where holes are majority carriers, and hole injection into the left-hand side of
the structure, where electrons are in abundance. Heterostructure barriers as in
Figure 4.24(a) can readily be found within the manifold of quaternary III-V hetero-
junctions, both strained and lattice matched. The structure in Figure 4.24(b) is a
limit case, which serves to illustrate that no barrier for injected carriers is necessary
on the injecting side. '

The space within the QD layer between the QDs can comprise either of the
two barriers or be implemented as a wider gap semiconductor that blocks both
carrier types.

In contrast to the ideal tunneling-injection QD laser, the three remaining minor
sources (1)—(3) of temperature dependence will “survive” in bandgap-engineered
QD lasers. Nevertheless, suppression of the main mechanism alone will make such
lasers practically temperature insensitive.

4.5.2 Enhanced Power Performance

The radically new design strategy, proposed to improve the temperature stability of
QD lasers [36, 49] and discussed in Section 4.5.1, will also enhance the power char-
acteristics. Inasmuch as the two reservoirs feeding carriers into the QDs are essen-
tially unipolar, the finite-delay capture process is not accompanied by a buildup of
bipolar carrier density and no additional recombination occurs. We can therefore
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(a)

— b5

(b)

Figure 4.24 (a, b) Bandgap-engineered QD laser structures. The QDs (shown with energy levels)

are clad by heterostructure barrier layers that block only the minority carrier transport. (From: [49].
© 2003 IEEE Reprinted with permission.)

expect that lasers designed according to [36, 49] will exhibit linear behavior and
excellent power performance.

4.6 Other Perspectives

The QD lasers reviewed so far in this chapter are all edge-emitting lasers with
Fabry-Perot cavities. Also, they are all based on interband (bipolar) optical transi-
tions. Some feasible alternatives are briefly discussed next.

Vertical cavity surface-emitting lasers (VCSELs) are of high interest for optical
signal transmission. The VCSEL’s active medium is embedded in a short A cavity
and a single longitudinal mode operation is automatically realized. To keep the loss
low, both mirrors should be highly reflective. They are usually realized as stacks of
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A4 distributed Bragg reflectors. The vertical cavity represents a one-dimensiong|
microcavity. Using a narrow QD ensemble with the transition energy matched to the
cavity passband, optimum photon and electron control can be achieved at a low ji.
Due to carrier localization in QDs, also their spreading out of the injection region
can be suppressed. This may result in ultralow threshold currents (<70 uA) at ultras.
mall apertures (submicrometer). The use of InGaAs QDs in GaAs-based VCSE[ ¢
emitting at 1.3 um [80]—the wavelength especially important for single-mode fibey
communication—presents one of the most apparent and successful applications of
QDs.

A VCSEL based on a single QD is also possible to fabricate. In such a laser, the
inhomogeneous broadening, inherent to QD ensembles, will be absent. A single QD
VCSEL will be a semiconductor analog of a single atom laser [81] or an ion trap
laser [82].

Another promising direction is to use QDs in unipolar (intraband) semiconduc-
tor lasers. In these lasers, stimulated emission comes from the transitions between
states of carriers in the same band [83, 84]. This concept was realized in the unipolar
quantum cascade laser (QCL) [85, 86]. Transition energies in unipolar lasers can be
tailored to suit important applications at mid- and far-infrared wavelengths.

All contemporary unipolar lasers suffer from a fundamental problem associated
with an extremely low efficiency of intraband optical transitions: The optical transi-
tion rate in the best QCLs is 3.5 orders of magnitude lower than the nonradiative
relaxation rate due to phonon emission. This problem is inherent to transitions
between the continuous-spectrum states of overlapping subbands and it cannot be
completely eliminated in QW unipolar lasers. As a consequence, CW room tempera-
ture operation of such lasers requires very high ;.

The use of QDs offers a radical solution to this problem, based on the discrete
carrier spectrum in QDs. The phonon relaxation will be completely suppressed if the
energy of optical transitions (both direct transitions between electron levels in a
given QD and indirect transitions between electron levels in neighboring QDs) is
detuned from the LO phonon energy. The amount of detuning should be greater
than the phonon energy dispersion. Because the energy levels in a QD can be varied
in a wide range (by controlling the size of QDs and the band offsets between the con-
stituent materials), such control is quite feasible. The nonradiative single-phonon
relaxation will thus be practically suppressed. As a rule, the multiple-phonon relaxa-
tion rate is much lower than that of single-phonon relaxation and it is usually negli-
gible. The idea for using QDs in unipolar lasers was proposed in [87-93].

Finally, instead of the Fabry-Perot cavity assumed so far, one may be interested
in using distributed feedback (DFB) [10, 60] for certain applications that need stabi-
lizing in the single-mode generation. Due to a difference in the refraction index of
the QD and the surrounding region, a spatially periodic arrangement of QDs [94]
will give rise to a sufficient periodic index variation for an index-coupled DFB. At
the same time, the periodic arrangement of active QDs provides a spatially periodic
variation of the gain. This may provide the benefits of the so-called gain-coupling
scheme, without any phase shifter or antireflection coating [95-100].

Ret
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