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Quantum dot diode lasers for optical communication systems

A.E. Zhukov, A.R. Kovsh

Abstract. Basic technological and physical aspects of injec-
tion lasers based on arrays of self-organised InAs/InGaAs
quantum dots on GaAs substrates for optical communication
systems in the 1.2—1.3 pm spectral range are considered. The
possibility of simultaneous lasing at a great nimber of
longitudinal modes at a high power level and low noise is
demonstrated. The use of these lasers in wavelength-division-
multiplexing systems based on the spectral separation of the
laser output spectrum is substantiated.

Keywords: quantum dots, quantum wells, gain, emission spectrum,
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1. Introduction

Optical communications require a laser emitting at a
wavelength for which the optical loss in a medium of
propagation is minimal. For this reason, laser diodes
emitting at wavelengths within the C band (1530—1565 nm)
attract the main attention. Due to a low optical loss (about
0.2 dB km™") in standard optical fibers, this spectral band is
used in the long-haul optical communication systems. At
the same time, the O band (~1.26 — 1.36 um) seems to be
attractive for optical communications over intermediate
distances (several tens of kilometers or shorter). Optical
data transmission at the wavelength where the chromatic
dispersion is close to zero (1310 nm for a standard single-
mode silica fiber) can be performed with a higher bit rate.
For optical communication over ultra-short ranges (e.g.,
within an optoelectronic chip) it is attractive to use SiGe
waveguides buried in a silicon substrate under silicon-based
integrated circuits. Such waveguides containing approxi-
mately 2 % —5 % of germanium are transparent for optical
radiation with wavelengths longer than 1.2 pm (fabrication
method of planar SiGe waveguides in a silicon matrix is
described, e.g., in Ref. [1]). Their use in data processors
may lead to a significant increase in the clock rate due to
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elimination of the problem of electrical data transmission
over wires. All these provoke interest in the development of
diode lasers emitting in the 1.2—1.3 pm range.

The well developed technology of diode lasers emitting
in the 1.55-um region is based on either InGaAsP or
InGaAlAs semiconductor heterostructures grown on InP
substrates. Over a long period of time the same materials
have been also considered as the only candidates for laser
sources operating at shorter wavelengths. However, it was
found that shorter-wavelength lasers made of these materi-
als suffer from poor temperature stability caused by reduced
band-edge discontinuities at heterointerfaces. For instance,
in the case of 1.3-pm InP lasers the energy gap between the
quantum-well (QW) optical transition energy and the
bandgap of cladding layers is only 0.4—0.45 eV, while
the characteristic temperature of the threshold current is
ususally 60 K for InGaAsP/InP [2] and 90-110 K for
InGaAlAs/InP [3]. At the same time, 0.98-um lasers on
GaAs substrates for which the overall band-edge disconti-
nuity is about 0.55 eV, have considerably higher typical
values of T, (~150 K), whereas the record value of T
exceeds 300 K [4].

Heterostructures grown on GaAs substrates eliminate
the problem of thermal escape of charge carriers [5] due to
the possibility of employing AlGaAs or In(Al)GaP wide-
bandgap emitter layers. The main difficulty in the design of
diode lasers on GaAs substrates emitting in the 1.2—1.3-um
spectral range is associated with the lack of semiconductor
compounds having suitable bandgap and being lattice-
matched to the GaAs substrate. Strained QWs are incapable
of providing a wavelength noticeably exceeding 1.2 pm due
to limitations imposed on the indium composition and their
thickness by the border of dislocation-free growth [6]. At the
same time, it was found that self-organised InAs quantum
dots (QDs) are very promising for obtaining lasing in this
spectral range. This approach gives a chance to combine
possibility of reaching the required wavelengths in diode
lasers grown on GaAs substrates with all advantages
expected for a laser based on an active region with zero-
dimensional size quantisation [7]. In particular, quantum
dot lasers can provide simultaneous emission at a large
number of longitudinal modes possessing a high power level
and a low noise. Such lasers may find application in
wavelength-division-multiplexing (WDM) optical commu-
nication systems avoiding many obstacles inherent in
conventional single-frequency laser diodes.
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2. Formation of self-organised quantum dots

The density of states in a two-dimensional quantum well
represents a step of height m/ (nhi?) (m is the effective mass)
beginning from the quantum subband energy. Therefore,
charge carriers may populate the states in a broad energy
interval above the subband edge. The transparency current
density (i.e. a current density required for achieving the
population inversion in the active region) is specified by a
product of the height of the density of states and the
thermal broadening of the Fermi function, thus giving
approximately 50 A cm™2 at room temperature. Because
the density of states is virtually independent of quantum
well structural parameters, it is impossibly to built a
quantum well that provides a noticeably lower density of
the transparency current.

At the same time, the density of states of a QD array is
determined by the array surface density ngp, which can be,
in general, infinitely low. For example, in the case of an
absolutely uniform QD array, the density of states can be
represented by the delta-function, 2nqpd(E — Eqgp), centered
at a quantum level Eqp. Hence, taking a proper choice of
the surface density of quantum dots, one can achieve a lower
transparency current density compared to that of a two-
dimensional quantum well. For instance, the array surface
density ngp of the order of ~ 10" cm™? may provide a
transparency current density of about 5 A cm ™. Another
important advantage of a laser based on an ideal array of
QDs is the temperature independence of its threshold
current which is a result of a narrow width (as compared
to the thermal energy) of the density of states.

The search for a method suitable for the formation of
uniform arrays of defect-free semiconductor objects of
sufficiently small dimensions was one of the main directions
in the development of the technology of semiconductor
material synthesis in the late 1980s and early 1990s. The self-
organisation of strained islands, also called the Stranski—
Krastanow growth mechanism, which was first observed in
1984 [8], is currently the most successful practical technol-
ogy for formation of nearly ideal quantum dots. An array of
self-organised quantum dots is formed upon epitaxial
deposition of a thin InAs layer on a GaAs substrate. Lattice
mismatch in this material system is about 7 %. The
possibility of partial relaxation of elastic strain in apical
zones of three-dimensional islands is just the driving force
for formation of the quantum dot array upon reaching a
critical layer thickness of 1.7 monolayers (~0.5 nm).
Depending on deposition conditions and the amount of
deposited InAs, QDs are usually 8 — 15 nm in base and about
3—5 nm in height; the array density is approximately
(3=15)x 10" cm™? (Fig. 1).

InAs QDs remain elastically strained (dislocation-free) in
a narrow interval of effective thicknesses from 1.7 to 3—-3.5
monolayers, so that precise monitoring of the amount of
deposited material is extremely important. In this respect,
molecular beam epitaxy is a convenient method of their
synthesis due to low growth rates (the deposition rate of
InAs is typically about 0.025 nm s~ '), fast switching of
fluxes, and the possibility of visual monitoring of QD
formation by observing changes in the diffraction pattern
of high-energy electrons reflected from the growth surface.
The high purity of both load materials and a residual
atmosphere in a vacuum chamber is exceedingly important
for obtaining intense QD luminescence because QDs are
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Figure 1. Plan-view bright-field transmission electron microscopy image
(g = 220 diffraction condition) of a structure comprising quantum dots
formed by deposition of 3.5 monolayers of InAs in a GaAs matrix. The
surface density of the array is (3.7 £0.4) x 10" em™2. Insert shows a
histogram of base size distribution to be 15.4 &+ 2.1 nm.

typically deposited at low temperatures (around 480 °C) in
order to avoid reevaporation and intermixing of the
deposited material.

The emission wavelength of InAs quantum dots in a
GaAs matrix can be controlled by varying the effective
thickness Qqgp of deposited InAs layer (Fig. 2a), and other
deposition conditions (e.g., the growth temperature). A
larger effective height of QDs as compared to a two-
dimensional quantum well enables achieving emission at
~1.2 pm at room temperature [9]. Further increase in the
wavelength is limited by a decrease in the luminescent
intensity from islands of a larger size caused by plastic
strain relaxation.

Emission at longer wavelengths was achieved by forming
quantum dots of a larger size by the method of atomic layer
epitaxy (ALE), i.e. the alternating deposition of elements
[10, 11]. However, QDs formed by the ALE method and
emitting around 1.3 pm are characterised by a low surface
density [12], which is 3—5 times lower than typical values for
self-organised QDs on GaAs formed under the standard
regimes of epitaxial growth. This drawback can be avoided
by placing an array of quantum dots in a narrow-bandgap
(as compared to GaAs) matrix [13]. For example, regrowth
of an array of InAs QDs with an In.Ga;_,As layer
(x ~ 10% —20 %) having a thickness of 4—12 nm allows
shifting the emission maximum within the 1.1-1.34 pm
interval. The emission wavelength of such InAs/InGaAs
quantum dots is controlled by three parameters: the effective
thickness of InAs spent for island formation (Qgp), the
quantum well width (Lqw), and the indium content in the
quantum well (xqw). The latter two parameters jointly
determine the effective bandgap of the quantum well. As
an example, Fig. 2a depicts the photoluminescence peak
position of InAs QDs covered with a ~5-nm thick
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Figure 2. Photoluminescence peak position for QDs covered with layers of In,Ga;_As of different chemical composition as a function of thickness of
deposited InAs (a); dependence of photoluminescence intensity on the total amount of indium for QDs with emission wavelength of ~1.3 pm (b).

In,Ga;_,As layer having the indium content (x) of either
15 % or 28 %. One can see that as the bandgap of the matrix
surrounding the quantum dots decreases, the luminescent
maximum shifts to the red. Note that in addition to the
bandgap of the matrix, the emission wavelength of the
quantum dots is also affected by certain modifications in
their shape, size and strain which occur upon their re-
growth with the InGaAs layer [14].

An advantage of the method of controlling the quantum
dot wavelength by varying the matrix chemical composition
is that the quantum dot array itself can be formed under
conditions most optimal for its uniformity, luminescence
intensity, etc. For example, a similar wavelength can be
obtained by using different sets of parameters Qgp, Low.,
and xqw. However, a luminescence intensity and a laser
threshold current density are quite different for various sets
of the parameters. It was found that the brightest lumines-
cence among different structures of a specified wavelength is
achieved if an overall quantity of deposited InAs (i.e.,
Os = Ogp + LowXxqw) is minimised (Fig. 2b) because
such minimisation reduces the total mechanical strain
and, consequently, the probability of dislocation formation.

3. Threshold current density and optical gain
in a QD laser

Lasing in a structure with self-organised quantum dots was
demonstrated for the first time in 1994 [15] at liquid
nitrogen temperature. Further studies of stripe laser diodes
[16] have revealed optical gain saturation and thermally
activated escape of charge carriers into upper energy states,
which was manifested in a steep increase in the threshold
current density and a blue shift of the lasing wavelength
with increasing the optical loss and/or temperature. Due to
a limitation imposed on the density of states of a QD array
by its surface density, the optical gain acquires a finite value
called the saturated gain Gg,. The scatter in island sizes
leads to the inhomogeneous broadening of the optical
transition and proportional decrease in Gg,. Experimental
values of the saturated gain at the ground-state optical
transition in long-wavelength InAs/InGaAs QD lasers
range from 3 to 6 cm~! per QD layer [17—19] depending

on QD formation regimes and the design of a laser
waveguide. A high localisation energy leads to the
appearance, in addition to the ground-state optical
transition GS, of several excited-state optical transitions
separated from each other by a nearly equal energy interval
of about 70 meV (Fig. 3a). If optical losses in a laser
resonator exceed the saturated gain at the ground-state
optical transition, lasing proceeds at a shorter wavelength
of the excited-state optical transition characterised by a
higher saturated gain (Fig. 3,b).

Because lasing at the longest wavelength (at the ground-
state optical transition) is of the most practical interest,
several methods have been proposed for increasing the
saturated gain in a QD laser, including formation of denser
or more ordered QD arrays. However, the use of several QD
layers in the laser active region providing the increase in the
saturated gain by several times, proved to be the most
practicable. The dependences of the threshold current
density on the number of QD layers calculated on the basis
of up-to-date information on the transparency current
density and the saturated gain per one QD layer are
presented in Fig. 4a for different total optical losses o.
The presence of a minimum in these dependences is
explained by the fact that both the saturated gain and
the overall transparency current density are proportionally
scaled with the number of QD layers [17]. One can see that
for Gy, of about 20—30 cm™', as it is usual in stripe lasers,
the optimum number of the layers corresponds to approx-
imately 10.

The successive deposition of several QD layers is
possible if the layers are separated by so-called spacers
of an unstrained material [20], as is illustrated in Fig. 4b.
The use of multilayer arrays emitting at 1 pum resulted in the
reduction of a room-temperature threshold current density
down to ~100 A cm ™2 and led to the first realisation of cw
lasing [21].

Lasing at 1.3-um was demonstrated for the first time in
1998 in a structure based on quantum dots formed by the
ALE method [22]. However, a low surface density of such
QDs, which significantly restricts their optical gain, has
forced to focus efforts on the development of diode lasers
based on InAs QDs placed in an InGaAs quantum well.
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Figure 3. Photoluminescence spectrum of an InAs/InGaAs array with several excited-state optical transitions (a); schematic dependences of the
threshold current density and the lasing wavelength on optical losses taking into account the ground-state and excited-state optical transitions (b).

o 1000 =
5 AlGaAs/GaAs
<
g» 800 | ' oa=10cm™! A
g | ® 20cm™!
= -1
% | | ® 30cm 3
| LT R —— ——_—— =
£ 600 1 - 8 GaAs spacer &
= oy > z
= | < —> E:
| ! 5 nAs QDs Z
400 + R} -t = g
\ ®eccseosse®®® T e ——
L4 .
I eo®® SO oj
200 | l\ &e&seeeoo 0© -~ \J
oo0©
o‘o—o—O'O’o' o AlGaAs/GaAs
2 100 nm
1 1 1
0 5 10 15 20
Number of QD layers
b

a

Figure 4. Calculated dependence of the threshold current density for the ground-state lasing (A ~ 1.3 pm) on number of quantum dot layers at
different levels of optical losses in a laser cavity (a); cross-section transmission electron microscopy image for a laser structure comprising three layers

of InAs/InGaAs QDs.

Room-temperature lasing in InAs/InGaAs QDs was
achieved in 1999 [23, 24]. Shortly thereafter continuous
wave operation has been attained [25]. However the earliest
lasers of this kind emitted at 1.24—1.25 um. Attempts to
reach longer wavelength led to a noticeable increase in the
threshold current density (Fig. 5a) due to formation of
defects in the highly strained active region. Since then
the wavelengths of low-threshold lasing has been extended
to 1.33 um due to the aforementioned optimisation of
multilayer QD arrays and the strain minimisation in each
QD layer.

Quantum dots emitting at longer wavelengths and,
consequently, containing larger volumes of a strained
material require thicker spacers. In addition, an increase
in the spacer thickness leads to a decrease in the optical
confinement factor of outer QD layers situated far from the

waveguide center. It is currently assumed that the spacer
thickness of 30— 35 nm is optimal for structures with 10 QD
layers. Figure 5a shows the dependence of the optical gain
and the lasing wavelength on the pump current for a laser
having the active region of this kind [26]. One can see that
the highest optical gain is 45-46 cm™!, while the lasing
wavelength may exceed 1.32 um.

A high optical gain of the laser active region makes it
possible to use laser cavities with a high mirror loss. It is also
favourable that the internal loss of properly designed QD
lasers decreases with increasing the saturated gain [27] and
with increasing the localisation energy [28]. The experimen-
tal dependence of the internal loss on the number of QD
layers in 1.3-um lasers is shown in Fig. 6. One can see that
the internal loss of a 10-stacked QD laser is as low as

1.2cm™!. In combination with the internal differential
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Figure 5. Dependence of the minimum threshold current density on lasing wavelength for various lasers based on InAs/InGaAs QDs: initial
experiments (open circles) and results of optimisation (solid circles) (a); dependence of the optical gain and the lasing wavelength on the pump current

for a laser based on 10 layers of QDs (b).
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Figure 6. Dependence of the internal loss (solid circles) and the

maximum external differential efficiency (open circles) on the number
of QD layers in an active region of lasers emitting at ~1.28 pm.

efficiency in excess of 90 %, this results in a high external
differential efficiency (the highest reported value is 88 %
[29]) (Fig. 6).

When the mirror loss is low because of long resonator
lengths and/or highly reflecting mirrors, the use of long-
wavelength QD arrays in the laser active region may reach
an extremely low threshold current density. For example,
the threshold current density as low as 24 and 25 A cm™>
has been reported for lasers with resonator lengths of 19.2
and 14.2 mm, respectively, emitting at 1.285 and 1.32 pm
[30, 31]. The record-low threshold current density of
19 A cm ™ has been achieved in a 1.33-um stripe laser
with an oxide-confined aperture and high reflective facet
coatings (the external differential efficiency was only 2 %)
[32]. These figures are the lowest values for any sort of stripe
lasers operating at room temperature. The previous best
value that belongs to quantum well lasers was about
~50 A cm™? [33, 34]. Let us emphasise that the threshold
current density reduction in lasers operating in the low-loss
regime is achieved not only due to a low density of electron
states in the QD array but also because of longer emission

wavelength of those lasers which implies deep localisation of
the ground state level with respect to the surrounding
matrix.

The use of few millimeter long resonators is especially
important in the case of mode-locked lasers because a pulse
repetition rate is inversely proportional to a laser length.
For example, a 5-GHz repetition rate (Fig. 7,a) needs a
resonator length of about 8 mm. Capability of achieving
sufficiently intense and short optical pulses with repetition
rates of 5—10 GHz opens up the way for applications of
mode-locked diode lasers as clock generators in integrated
circuits with optical data transmission [35]. QD lasers are
excellent candidates for such applications, because their low
internal loss is favourable for achieving an acceptably high
differential efficiency even in long laser diodes, while a low
density of states permits readily bleaching a QD passive
section.

A passively mode-locked QD laser was demonstrated for
the first time in 2001 (F= 7.4 GHz) [36]; hybrid mode-
locking regime was reported in 2003 (F = 10 GHz) [37]. The
highest up-to-date pulse power of 1.7 W in a fully mono-
lithic diode laser was demonstrated in Ref. [38]. Figure 7b
displays the dependence of the pulse power and the pulse
width on an average laser power. Though the average power
increases with increasing the current through a gain section,
higher currents lead to broadening of the optical pulses.
These two trends oppositely affecting the pulse power jointly
determine an optimum operating point of a mode-locked
laser diode. Pulses of the highest power are achieved at a
moderate average power when the pulses have the shortest
width. The mode-locking regime of laser operation is also
suitable for generation of optical pulses with a repetition
rate beyond the limiting cutoff frequency of direct modu-
lation. For example, a 50-GHz repetition rate has been
demonstrated for QD lasers [39].

It should be noted that the direct modulation frequency
in state-of-the-art 1.3 um QD lasers has been estimated to be
7—-8 GHz; data transmission with a 10 Gb s~! bit rate has
been demonstrated [40, 41]. Unlike QW lasers, where direct
modulation is limited by a relaxation oscillation frequency,
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Figure 7. Frequency spectrum (a) and dependences of the pulse width (solid circles) and the pulse power (open circles) on average power (b) for

passively mode-locked QD lasers.

the relaxation oscillations are strongly damped in QD lasers
and the modulation frequency is limited by the K-factor.
Despite relatively low maximal modulation frequency, QD
lasers have a significant advantage over QW counterparts,
which consists in high temperature stability of their char-
acteristics. In particular, a 10-Gb s~! direct modulation has
been demonstrated in Ref. [41] with a fixed (without any
temperature compensation) modulation current and a fixed
bias current in the temperature interval of 20—90 °C.

The independence of the threshold current of QD lasers
on temperature was predicted in [7]. According to the
prediction, already the earliest lasers based on self-organised
QDs demonstrated a nearly infinite characteristic temper-
ature [42] at low environment temperatures (below ~ 200 K)
or even a negative characteristic temperature [43], i.e.
temperature-induced decrease in the lasing threshold. How-
ever, till recently the experimental results for operation at
room temperatures have revealed relatively low character-

istic temperatures (7, ~ 50 — 60 K). It was found that a
high temperature stability of the threshold current is
followed by its drastic increase with increasing temperature,
so that Ju;,(T) dependence has a characteristic break.
Figure 8a illustrates the fact that an interval of high Tj
extends towards higher temperatures when a localisation
energy of the ground-state QD level increases (i.e., the lasing
wavelength increases) or when the saturated gain (i.e., the
number of QD layers) increases [24]. Such a behavior
indicates that the threshold current density of a QD laser
may be significantly affected, at least at elevated temper-
atures, by recombination (in particular, nonradiative
recombination) of charge carriers that populate the matrix
states. Progress in the technology of multilayer long-wave-
lengths QDs led to a considerable increase in 7, in QD
lasers (up to 150 K for 80—90°C [44]).

By applying the modulation doping technique [45], the
temperature stability of the threshold current has been
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Figure 8. Temperature dependence of the threshold current density for lasers with the various number N of QD layers and different design of the active
region: solid circles — InAs QDs in a GaAs matrix (4 ~ 1.05 um); open circles — InAs QDs in an InGaAs quantum well (1 ~ 1.27 pm) (a); temperature
dependences of the threshold current density (circles) and the external differential efficiency (squares) for an undoped structure (solid symbols) and for
a structure with a p-doping level of 2 x 10'> cm™2 per QD layer (open symbols) (b).
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considerably improved. The method consists in adding
acceptor-type dopants into spacer layers between QD layers
to reach a p-doping level of several tens of holes per one
quantum dot in the active region. It was mentioned that the
improved temperature stability may be associated with
reduced thermal population of closely spaced hole subband
levels [45] as well as suppression of the rate of Auger
recombination [46]. Already initial experiments have dem-
onstrated a characteristic temperature in excess of 200 K
over the temperature interval of 0-80°C [47]. Further
optimisation has led to complete temperature independence
of the threshold current (7' = oo up to 75 °C [46]). Figure 8b
illustrates how a temperature dependence of a threshold
current density of QD lasers is changed with increasing a p-
type doping level. Note, however, that the increase in 7
with increasing the dopant concentration is accompanied by
the increase in the absolute value of the threshold current
density and the decrease in the external differential efficiency
caused by a rise of the internal loss.

For a long period of time a reliability of long-wavelength
QD lasers gave rise to doubts because of a severe strain in
the active region. Accelerated aging tests have been carried
out for 1.3-um QD lasers operating at different temper-
atures (65 and 85 °C) for 2070 hours at a fixed drive current
of 350 mA (Fig. 9) [48]. During the accelerated aging test
none of 15 lasers reached the failure criteria (20-% decre-
ment of an initial output power). A median time-to-failure
was evaluated by extrapolating the experimental data to be
1.4 x 10° and 3.2 x 10° hours for lasers operating at 65 and
85°C, respectively. An average lifetime of a normal oper-
ation condition (40 °C) was estimated from a temperature
dependence of the median time-to-failure to be 1.2 x 10°
hours.

Relative changes in output power

0.95 +
0.90 -
0.85
0.80 -
075 1 1 1 1
0 500 1000 1500 2000
Aging time /hours
Figure 9. Normalised output power of a group of QD lasers as a

function of aging time for a cw operation at 65°C.

4. Formation of broad gain and lasing spectra

Lasing in a Fabry—Perot cavity arises at a longitudinal
mode whose wavelength is the closest to a maximum of the
gain spectrum of an active region. However if no special
measures are undertaken to ensure single-frequency lasing,
an increase in the pump current beyond a lasing threshold
leads to excitation of additional side modes. As a result, the
emission spectrum of the laser broadens. Multifrequency

lasing is caused by a relatively small (as compared to a
width of the gain spectrum) spectral separation between
neighboring longitudinal modes and inhomogeneous gain
saturation. This phenomenon, also known as spectral hole
burning, consists in the decrease in the optical gain at a
lasing wavelength with increasing a number of photons in
the laser cavity. In brief, an empty electronic state arisen
from a stimulated emission event has to be populated by a
charge carrier before a next phonon emission event may
take place. A finite rate of the population of an electronic
state may lead to a decrease in the number of charge
carriers capable of maintaining the laser action, which
reduces the gain at the given wavelength and facilitates
excitation of side modes.

The width of a multimode lasing spectrum may not
exceed the width of the gain spectrum. To obtain a broad
gain spectrum, it is more preferable to use an array of self-
organised QDs as the active region compared to QWs. If the
population of the upper states can be neglected, the QD
ground state is completely populated when a pumping level
reaches a double transparency current density. The gain
spectrum simultaneously reaches a width of inhomogeneous
broadening of the optical transition, which can be as large as
several tens of nanometers. Because the transparency
current density is determined only by the surface density
of the QD array and independent of the inhomogeneous
broadening, it is possible to vary the gain spectrum width
and the corresponding level of pumping irrespective of each
other. Moreover, low surface densities of QD arrays enable
achieving significant widths of the gain spectrum even at
relatively low currents.

For noticeable manifestation of the inhomogeneous gain
saturation effect, the rate of population of the electronic
states in the active region should be suppressed to a great
extent. In a QD laser, unlike a QW laser, the electronic
states of different energies belong to different spatially
separated QDs in the array. Therefore, the population of
electronic states in a QD laser may be significantly sup-
pressed [49] and, consequently, the broadening of the laser
spectrum can be much greater than in a QW laser. For
instance, the population time of the empty ground state of
QDs emitting at 1.3 pm was estimated to be 2.5 ps [50].

The emission spectra of a QD laser of width of
~50 — 60 meV at 80 K were presented in Ref. [51]. The
room-temperature spectra of QD lasers of width ~8 — 15
nm were demonstrated in [52-54]. However, either the
spectral power density or the spectral bandwidth was
insufficient for a practical application of such lasers. We
demonstrated for the first time that it is possible to achieve
simultaneously a spectral bandwidth in excess of 15 nm and
a spectral power density of more than 10 mW nm ™' [55]in a
diode laser based on self-organised QDs. This combination
of parameters in conjunction with a central wavelength at
~1.3 um makes such lasers promising for applications in
multichannel optical communication systems.

If nearly all QDs of an array (Ngp) are involved in
lasing, the laser linewidth 4, will approximately coincide
with the inhomogeneous width 4 of the ground-state optical
transition. If a smaller number N, of QDs contributes to
lasing, the laser linewidth decreases accordingly to
Ajys = (Nyys/Ngp)4. The number N, can be evaluated as
a ratio of a pump current / to a maximum recombination
current that can flow through a single QD (2¢/z.), which is
determined by the effective population time 7. of partly
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Figure 10. Calculated dependence of the spectral power density on spectral bandwidth at various pump currents 7 (a) (nop = 3.5 x 10" cm’z) or

various effective surface densities ngp of a QD array (b) (/ = 300 mA).

populated QD ground state [50, 56]. In turn, the average
spectral power density is the ratio of the output laser power,
dependent on the pump current, to the laser linewidth.

Effect of the pump current on the spectral width and the
spectral power density is illustrated in Fig. 10a. As the pump
current is increased, the bandwidth of the emission spectrum
increases due to the spectral hole burning effect. The output
power also increases. At relatively low currents (< 90 mA),
the output power increases faster than the spectral width, so
that the spectral power density increases. At high currents
(> 180 mA), the output power and the spectral width are
linearly related with each other. As a result, the spectral
power density saturates at a certain level, which is
13 mW nm™' for the given set of parameters. One can
see that the spectral width can exceed 15 nm provided that
the pump current exceeds 280 mA. The results of the
calculations show that to achieve simultaneously large laser
linewidths and high spectral power densities, it is necessary
to use high pump currents.

Laser parameters (the surface density of a QD array, the

length and the width of a laser stripe, the pump current)
affect the spectral bandwidth and the spectral power density
both directly, through their effect on a total number Nqp, of
QDs in the active region, and indirectly, by means of their
impact on a threshold current density and a differential
quantum efficiency. If the total number of QDs in the laser
active region decreases in one or another way, the spectral
width of emission increases, while the spectral power density
decreases. As an example, Fig. 10b illustrates the influence
of the surface density of a QD array. One can see that if the
effective surface density of QDs is properly selected [within
the (2.9—3.7)x 10" em™? range for the parameters
assumed in the calculations], the width of a QD laser
emission spectrum may exceed 15 nm, while the spectral
power density may simultaneously be higher than
10 mW nm~'. At the same time, at lower QD surface
densities the spectral power density may be insufficiently
high, whereas at higher values of ngp the spectral bandwidth
may be insufficient. Taking into account a usual surface
density of self-organised QDs, which is about 5 x 10'* cm ™
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per QD layer, optimum values of ngp corresponds to
approximately 7 layers of QDs in the laser’s active region.

In QD lasers properly optimised in accordance with the
predictions of the above model, lasing emission spectra were
experimentally demonstrated to have spectral widths of
17 nm [55] and 26 nm [57] with an average spectral power
density of 10.2—10.4 mW nm™'. Evolution of lasing spectra
with a drive current of a laser diode is shown in Fig. 11a.

Note that broadening of the laser emission spectrum is
also found in QW lasers. However, unlike QD lasers, the
line broadening in QWs occurs at much higher current
densities. For example, the full width at half-maximum of
the line of a 1.04-pm InGaAs/GaAs QW laser was ~ 13 nm
at a pump current of 67 kA cm ™2 [58]. A similar result was
obtained in Ref. [59] for a 1.55-um QW laser on a InP
substrate as well where the full width at half-maximum was
~15 nm at a pump current of 74 kA cm 2. Dependences of
the laser linewidth on a pump current density are compared
in Fig. 11b for multifrequency QD and QW lasers. One can
see from the data presented that a 15-nm broad linewidth
requires a 20 times less pumping level (about 3 kA ¢cm~?) in
the case of QDs as compared to that of QWs. To a
considerable degree this behavior is caused by a lower
density of states of a QD array.

One can see from the data presented in Fig. 11a that an
additional group of longitudinal modes appears in a lasing
spectrum of a QD laser at high pump currents. Its spectral
position corresponds to a wavelength of the excited-state
optical transition (4~ 1.22 um). As a pump current is
further increased, a power of the ground-state emission
and its spectral width remain virtually unchanged, whereas a
subsequent increment of an emission power is caused by the
excited-state optical transition. Simultaneous lasing involv-
ing two quantum states in QD lasers is associated with a
gradual increase in the carrier concentration on the QD
excited state with increasing the pumping, which in turn is
caused by a relatively low rate of the ground-state pop-
ulation process [50, 60].

Thus, both broadening of the ground-state lasing
spectrum and excitation of the excited-state lasing band
have the same cause. However, in most cases the spectral
bands of these two optical transitions are well separated
from each other, so that a lasing spectrum usually comprises
two pronounced maxima. At the same time, it is highly
desired for practical applications to produce a lasing
spectrum having a nearly uniform distribution of its power
density across the entire spectral interval. It may be achieved
if the optical transitions of the ground-state and the excited-
state overlap each other. In turn, this situation may be
realised if an inhomogeneous broadening width is signifi-
cantly large. It has been demonstrated in Ref. [61] that an
array of QDs can be formed by a periodic monolayer
deposition of InAs/GaAs pairs which results in a width of a
luminescence spectrum of 82 nm and a width of a lasing
spectrum of 20 nm owing to concurrent lasing through two
overlapping optical transitions. A disadvantage of such an
active region is that its wavelength is too short (~1.17 um)
because of the formation method.

The density of states of a QD array may be additionally
broadened even in case of longer-wavelength QDs provided
that a stacked QD array is deposited so that some parameter
affecting a spectral position of a central wavelength is
gradually varied from layer to layer [62]. In particular, a
width of an InGaAs layer that covers QDs may be used as

such a parameter. The use of this method allowed us to
reach a lasing spectral width of 75 nm at half maximum [63].
A laser’s active region comprised three groups of InAs/
InGaAs QDs with various thicknesses of InGaAs cap layers
(1.5, 3 or 4 nm). Figure 12 shows a lasing spectrum at a 3.7-
A current (18.5 kA cm™2) superimposed on an active region
electroluminescence spectrum detected at a low excitation. A
comparison of the spectra reveals that the lasing spectrum
comprises spectral components arisen from both the
ground-state (GS) and the excited-state (ES) optical tran-
sitions. Overlap of these transitions caused by intentional
inhomogeneous broadening and approximate equalisation
of their intensities at a certain pump level results in a larger
spectral width and a high degree of uniformity of a spectral
power density. A total emission power is 750 mW and an
average spectral power density is 10 mW nm~', whereas a
spectral uniformity of the power density is 4.5 dB. Insert of
Fig. 12 depicts a high-resolution lasing spectrum measured
under continuous-wave operation. The spectrum consists of
a series of longitudinal Fabry—Perot modes. This finding
confirms that spectral broadening originates from excitation
of additional modes whereas each of modes remains quite
narrow (about 0.015 nm).
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Figure 12. Electroluminescence (50 A cm2) (dashed curve) and lasing
(3.7 A) (solid curve) spectra taken at 25°C for a laser comprising a QD
array with intentional inhomogeneous broadening. Insert: part of the
lasing spectrum taken in the cw regime with a 0.01-nm spectral
resolution.

5. Broadband laser diodes
for wavelength-division-multiplexing systems

Simultaneous transmission of several information channels
at different carrier wavelengths along one optical waveguide
results in significant enhancement of an optical communi-
cation line capacity. This technique, called the wavelength-
division-multiplexing (WDM), currently utilises an array of
single-frequency lasers as an optical source, for example an
array of distributed feedback (DFB) lasers (Fig. 13a).
However, fabrication complexity of a DFB laser multiplied
by their large number results in a high cost of such systems
and impedes their wide applications for data communica-
tion over short- and ultrashort distances. Moreover, a
wavelength of every optical channel is individually deter-
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mined for each single-frequency laser. This leads to
necessity of their individual stabilisation and tracking
and makes it difficult to arrange an array of equally
spaced wavelengths. The system of this kind also suffers
from necessity to couple emission of every laser into an
individual waveguide. As a number of optical channels
increases all the aforementioned disadvantages of the
conventional optical source are aggravated.

In this respect, the use of a multifrequency laser diode
seems to be an attractive alternative because of its simplicity
and cheapness in fabrication. This approach mitigates a
required precision of wavelengths of many single-frequency
lasers because a spectral separation of channels, which are
Fabry —Perot modes, is naturally predetermined by the only
parameter, i.e. the cavity length. Moreover, all the channels
can be simultaneously stabilised, and the stability of carrier
wavelengths of all channels can be tracked by using a
wavelength of one channel.

It should be noted that a spectral spacing between
adjacent longitudinal modes Af = ¢/(2nL) at usual lengths
of Fabry—Perot lasers conforms well to modern require-
ments to a frequency spacing in wavelength-division-
multiplexing systems. For example, an intermode spacing
of 50 GHz needs a cavity length of 0.9 mm. Assuming such
spectral spacing, different wavelengths, that correspond to
various cavity modes, may be spectrally divided by available
optical means of demultiplexing (e.g., by means of an
arrayed waveguide grating), individually encoded by an
external modulator and thus be used as independent optical
data-bearing channels. Subsequent multiplexing enables
coupling all the channels into a transmitting fiber or a
planar waveguide. A possible layout of a WDM transmitter

based on a broadband multifrequency laser is sketched in
Fig. 13b [64].

The most preferable scheme is that where all external
optical means (multiplexers, demultiplexer, modulators) are
monolithically integrated on a single silicon chip and
connected to each other by planar optical waveguides,
e.g. SiGe-based. Owing to its small footprint, a laser diode
may be placed directly onto the silicon chip. Coupling of a
laser emission into a waveguide may be realised for example
in vertical direction through a substrate [65]. A 90° turn of a
part of the laser emission may be implemented e.g. by means
of a monolithically integrated second-order grating formed
by etching of trenches placed normal to the laser stripe. In
an alternative solution, the laser emission may be edge-
coupled into the waveguide by conventional optical means
both directly and through an intermediate optical fiber. In
the latter case the laser diode may be placed aside from the
silicon optoelectronic chip. This may be useful for some
purposes, €.g. to prevent an overlap of thermal fields. A 64-
channel optical transmitter with a 50-GHz inter-channel
interval requires a spectral band of a laser emission of about
15 nm in width. As it was demonstrated above, this spectral
width of a laser emission is quite attainable by means of
lasers based on self-organised quantum dots. The optical
source may further comprise a spectral pass-filter in order to
select a required number of channels out of a broader
spectrum of the laser emission [66].

The most essential issue to be addressed in detail is a
noise performance of such transmitting system which is
quantitatively expressed by a bit error rate (BER). In its
turn, the BER depends on a system signal-to-noise ratio
determined by shot noise and thermal noise of a photo-
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detector and to a great degree by noise of an optical
intensity. Assuming equal probabilities of sending a ‘0’-
bit and a ‘1’-bit and equal noise at both levels, the lowest
possible bit error rate corresponding to an optimum
decision level of the detector system is expressed by the
following equation [67]: BER = 0.5erfc(Q/v2), where
erfc(x) is a complementary error function; Q = (v;—
vo)/(61 + 09); vip and o1, are mean signal intensities and
root-mean-square deviations at 1 and 0 levels, respectively.
It is usually considered that transmission is error-free if
BER does not exceed 1072, It can be revealed from the data
presented in Fig. 14a that error-free transmission requires at
least the Q-factor of no worse than 8.5 dB.

The Q-factor of an optical transmission system depends
on a maximum optical power P impinging on a detector, an
extinction ratio ER of optical signal modulation, a detector
responsivity Rg,, an electrical bandwidth B, of a detector
circuit, equivalent thermal noise iy of the detector, and
relative intensity noise (RIN) of the optical power averaged
over the B, frequency interval. Figure 14b shows calculation
results for a dependence of the Q-factor on the optical signal
power at various values of the extinction ratio for the 10-
GHz frequency interval assuming the following parameters:
Ry =05 AW, iy =10 pAHz "% (RIN)= -125
dB Hz!. One can sce that a value of the Q-factor, which
satisfies the condition of error-free transmission, requires an
optical power of more than —10 dBm and an extinction
ratio of at least 5 dB.

Note that a responsivity of 0.71-0.73 A W~ has been
demonstrated in 1.3-pm photodetecors of metal —semicon-
ductor—metal type based on InGaAs/InP heterostructures
[68]. Taking into account that a standard single-mode
optical fiber is characterised by an attenuation coefficient
of less than 0.4 dB km™! in the 1.3-pm spectral band and
assuming that laser-to-fiber coupling loss is —3 dB (a 75 % —
80 % coupling efficiency has been demonstrated for 1.3 pm
spatially single-mode Fabry—Perot lasers [69]), transmission
over a distance of about 10 km requires a laser emission
output power of about —3 dBm per channel, i.e. 0.5 mW.
Assuming a 0.2-nm spectral separation between longitudinal
modes, an average spectral power density of the laser

emission should exceed 3 mW nm~!. Thus, an average

spectral power density of 10 mW nm~' achievable in a
multifrequency QD laser provides a threefold margin
with respect to the required power level and enables
compensating any unforeseen loss associated with e.g.
fiber bending or loss in a modulator. In case of optical
transmission over an ultrashort distance (for example,
within an optoelectronic integrated circuit) a propaga-
tion-related signal attenuation is nearly negligible. Howe-
ver, in this case one should take into account a lower coup-
ling efficiency into a planar waveguide as well as a lower
responsivity of a monolithically integrated photodetector.

One can see from Fig. 14b that the Q-factor becomes
independent of the power level at a sufficiently high optical
power because it is completely determined by the optical
signal noise. In this case the bit error rate only depends on
the extinction ratio and the integrated relative intensity
noise of the optical signal: BER = 0.5erfc (m/+/2(RIN)B, ),
where m = (ER — 1)/(ER + 1). It is evident from calculation
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Figure 15. Dependence of the bit error rate on the integrated relative
intensity noise of an optical signal at various values of the amplitude
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results of Fig. 15 that for error-free data transmission along
an optical channel with an amplitude modulation index
m = 0.5 (ER = 4.7 dB) an integrated relative intensity noise
of the optical signal (RIN)B, should be better than 0.5 %.
For the 10-GHz frequency interval this corresponds to an
average relative intensity noise (RIN) of —125 dB Hz ' or
lower.

The aforementioned value of the extinction ratio can be
easily achieved by means of external modulation. At the
same time, attainment of a low relative intensity noise seems
to be problematic with using conventional laser sources. In a
single-frequency laser with a high side mode suppression
ratio (> 40 dB) the relative intensity noise is found to be
acceptably low for its use in an optical communication
system. As the side mode suppression ratio increases (in
other words, as a laser comes to the multifrequency regime),
the relative intensity noise of a given longitudinal mode
increases up to an unacceptably high level (see, e.g., [70]).
This behavior is caused by mode beating (or mode partition)
effect that manifests itself through a random redistribution
of an emission intensity between co-existing longitudinal
modes of the laser spectrum. Therefore, a spectral division
of a quantum well laser emission into several spectral
channels, even it is feasible by present means of wavelength
demultiplexing, does not permit realising error-free optical
transmission.

It was found that a dissimilar situation takes place in
semiconductor lasers, whose active medium is characterised
by a pronounced effect of nonlinear gain saturation, or,
generally speaking, in lasers, in which the relaxation
oscillations are strongly damped. For example, a reduction
of a main mode relative intensity noise of a two-frequency
laser, if non-linear gain saturation is taken into account, was
demonstrated in [71]. A similar conclusion for a multi-
frequency laser as well has been drawn in Ref. [72] where a
behavior of 21 longitudinal modes has been numerically
simulated: strong damping of the relaxation oscillations
suppresses fluctuations of a photon density in a laser cavity

reducing a relative intensity noise of a given longitudinal
mode.

It was mentioned above that the relaxation oscillations
in QD lasers are strongly damped. This peculiarity is caused
by a high gain compression factor ¢. Gain compression, also
known as nonlinear gain saturation or self-saturation,
describes how an optical gain of an active region decreases
with increasing a photon density. A value of ¢ in QD lasers
was found to be about 5x 107'® cm3 [73, 74] which is at
least one order of magnitude greater than values measured
in QW lasers. In order to explain a high gain compression
factor ¢ in QD lasers it was suggested that its high values are
associated with either a long carrier capture time to QD
lasing states [75] or a differential gain reduction of a QD
active region as a threshold gain approaches the saturated
gain [73]. It was also shown in Ref. [76] that Coulomb
interaction in a QD laser leads to strong damping of the
relaxation oscillations.

It has been previously demonstrated that a relative
intensity noise of a total optical power of a multifrequency
QD laser is about —159 dB Hz ! in the frequency range to
10 GHz [77, 78]. However, the intensity stability of a given
longitudinal mode was disputable because a modal intensity
in a semiconductor laser can significantly fluctuate even if
the total power remains stable (see, e.g., [79]). We have
experimentally demonstrated, for the first time, that a
relative intensity noise of a spectrally filtered longitudinal
mode of a multi-frequency QD laser can be much lower than
typical values of quantum well lasers [80].

Figure 16a shows a part of an emission spectrum of a
multifrequency QD laser superimposed to a spectrum of one
spectrally filtered longitudinal mode. An external Fabry—
Perot etalon was used in the experiment for spectral filtering.
In this case a side mode suppression ratio of 19-20 dB was
achieved. Figure 16b depicts a relative intensity noise
spectrum for a spectrally filtered longitudinal mode
(1265.5 nm) of the multifrequency QD laser measured in
the 1-MHz—-10-GHz frequency interval. The relative inten-
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Figure 16. Part of an emission spectrum of a multifrequency QD laser and a spectrum of one spectrally filtered longitudinal mode (1263.3 nm) (a);
relative intensity noise spectrum for a spectrally filtered longitudinal mode (1265.5 nm) of the multifrequency QD laser (b). Insert: eye diagram
generated by a 10-Gb s™! external modulation for one filtered longitudinal mode of the multifrequency QD laser.
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sity noise was integrated over this frequency interval to be
0.21%, so that an average value (RIN) is —126 dB Hz'. In
accordance with the calculation results (Fig. 15), this value
is sufficiently low for error-free optical transmission assum-
ing that an extinction ratio is better than 5 dB.

An intensity of a spectrally filtered longitudinal mode of
the quantum dot laser was modulated by a 23 —1
pseudorandom binary sequence with a 10-Gb s™' rate by
an external LiNbO3 modulator. Insert in Fig. 16b shows an
example of an eye pattern at a —3-dBm received power at a
photodetector. The extinction ratio was 7 dB whereas the Q-
factor was measured to be 9.7—10.3 dB. For this case, as
well as for nine other longitudinal modes, a bit error rate of
less than 107'° was demonstrated. To the best of our
knowledge, this is the first experimental demonstration of
a high-speed error-free transmission using spectral filtering
of emission of a multifrequency laser.

6. Conclusions

Semiconductor QDs have attracted attention long ago
because of the ultimate case of size quantisation. However,
over a long period of time QD lasers were far from their
practical use being under pressure of the well-developed
technology of quantum well lasers. Development of wave-
length control methods in quantum dots, which resulted in
achievement of lasing operation in the 1.2—1.3 um wave-
length interval, has radically changed the situation.
Quantum dot lasers have got their own niche beyond the
reach of quantum well lasers. Wavelengths of this spectral
window are, on the one hand, too short for quantum wells
on InP and, on the other hand, too long for quantum wells
on GaAs, whereas these wavelengths seem to be optimal for
InAs/InGaAs QDs. Large localisation energy in such a QD
active region, which suppresses population of the matrix
states by charge carriers, gives an opportunity to reach
extremely low threshold currents and a high temperature
stability of laser characteristics. At the same time, this
wavelength interval is favourable for optical fiber commu-
nication as well as ultrashort range optical communication.

Relatively low population rate of electronic states that
contribute to lasing and high non-linear gain coefficients in
QDs, which lead to strong damping of the relaxation
oscillations, prevent QD lasers from reaching certain
advantages over quantum wells in respect to the cutoff
frequency of direct modulation. On the other hand, this
feature of the active region results in a unique peculiarity of
QD lasers, which consists in a low relative intensity noise of
longitudinal modes in multifrequency lasing regime. This
opens up wide possibilities for applications of QD lasers as
optical sources in multichannel communication systems,
which is supported by another QD peculiarity that resides
in their capability of simultaneous emitting many longi-
tudinal modes. It is most likely that one may foresee
significant progress in the development of QD laser sources
and systems based on them which are specifically optimised
for WDM.
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