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Stability properties of current-profiled quantum dot lasers
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Abstract

The stability properties of injection-current profiled quantum dot lasers are analyzed for broad area devices of different length. In
general, devices demonstrate stable output at low to moderate injection levels before the onset of filamentary dynamics at higher injection
levels. By comparing devices of different lengths, the onset of filamentary dynamics is shown to coincide in each case with the onset of
excited state lasing and so the loss in stability may be linked to the increased low frequency noise and phase-amplitude coupling that
occurs in this regime.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Quantum dot (QD) based photonic materials are cur-
rently receiving a large amount of attention due to the
interesting blend of atomic and solid state properties that
they possess [1]. By fabricating semiconductor lasers
(SLs) from such materials, researchers have demonstrated
devices that exhibit temperature insensitive, low threshold
currents [1], high modulation bandwidths [2,3] and a low
sensitivity to optical feedback [4]. In addition, semiconduc-
tor optical amplifiers (SOAs) fabricated from such materi-
als are expected to provide new opportunities for ultrafast
data processing [5], while monolithic mode locked lasers
made from QD materials have demonstrated enhanced jit-
ter performance [6]. QD SLs have also demonstrated
improved beam quality over their quantum well (QW)
counterparts, exhibiting reduced filamentation [7,8] and
superior M2 values up to 45 mW in output power [9].

The general improvement in QD SLs when compared to
QW devices is due to their unique carrier dynamics which
results in a reduced phase-amplitude coupling (a-parame-
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ter) [10,11] and increased relaxation oscillation damping
[4,12], both factors contributing to a non-linear system less
sensitive to internal/external perturbations [13]. The aim of
this paper is to investigate how QD materials can improve
the stability of spatially extended laser devices towards pro-
viding coherent emission in the multi-Watt range.

The study of the evolution of complexity and pattern
formation in spatially extended systems has many examples
in nonlinear optics [14] and in particular SLs [15–19]. Con-
ventional QW and QD spatially extended lasers usually dis-
play unstable filamentary dynamics once the injection
increases beyond twice the laser threshold [20]. In Ref.
[21], a simple technique was presented to suppress this
instability based on spatially varying the pump by pattern-
ing the contact electrode of the device. A related technique
was later developed, which involved the inclusion of an
additional current spreading layer to allow the injection
profile to diffuse from a flat profile at injection to a smooth-
ened, bell shaped profile in the active region [22]. In pulsed,
non-thermal operation, the device displayed a stable dual-
lobed far-field and diffraction limited beam waist to ten
times threshold. Each lobe in the far-field corresponded
to a spatially separate transverse traveling wave in the
near-field, stabilized by the smooth, carrier-induced,
refractive index anti-guide [23]. The possibility of generat-
ing off-axis emission with such injection profiling was first
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identified by Petermann [24]. Operation of the device in
continuous-wave mode resulted in the evolution of a ther-
mally-induced positive waveguide, which negated the car-
rier-induced anti-guide for increasing currents and
thereby collapsed the stable non-linear mode of the cavity
with unstable filamentary dynamics resulting [25]. In this
paper, the effect of such injection profiling on the modal
properties of a spatially extended QD device is examined.

2. Epitaxial structure and device

The epitaxial structure for our device was supplied by
Innolume (formerly Nanosemiconductor GMBH) and con-
tained 10 layers of MBE grown InAs QDs on a GaAs sub-
strate. Each QD layer was formed by growing an 0.8 nm
thick InAs QD layer on a 33 nm thick GaAs wetting layer
and capped with a 5 nm thick layer of In0.15Ga0.85As. Sur-
rounding the active region was a 500 nm thick Al0.35-
Ga0.65As n-(p-)type Si(C) doped layer (5 · 1017 cm�3), a
1000 nm thick Al0.35Ga0.65As n-(p-)type Si(C) doped layer
(1 · 1018 cm�3) and a 15 nm thick AlxGa1�xAs (x graded
from 0.35 to 0) layer, n-(p-)type Si(C) doped to 3 ·
1018 cm�3. The n-side contained an additional 300 nm
thick GaAs layer doped to 3 · 1018 cm�3. To achieve cur-
rent spreading p-side contained a 2000 nm thick GaAs
layer doped to 2 · 1019 cm�3 and a 100 nm thick capping
layer, doped to 1 · 1020 cm�3. It should be noted that the
previously used spreading layer was an MOVPE grown
10 lm thick, 4 · 1018 doped GaAs layer [22]; to achieve
spreading in the MBE grown QD wafer, a thinner, more
highly doped layer was used. Broad area lasers were fabri-
cated by defining narrow injection stripes and devices of
two different lengths, 1.5 mm and 3 mm were tested.

A typical spontaneous emission profile at the emitting
facet is shown in Fig. 1 and indicates the amount of carrier
spreading present in the device. The carriers have spread
from 5 lm at the injection stripe to 120 lm in the active
region. It should be noted that the amount of spreading
experienced in the present quantum dot wafer is more than
Fig. 1. Near-field spontaneous emission profile from 5 lm injection stripe
width device (120 mA pump current, FWHM 120 lm).
the comparable QW device previously studied where a
5 lm injection stripe resulted in an 80 lm FWHM sponta-
neous emission profile [22].

To analyze the modal properties of the QD lasers, far-
field, near-field and beam waist measurements were per-
formed on devices of two different lengths. The devices
were operated in pulsed regime (1 kHz repetition rate,
100 ns pulse width) to avoid self heating effects and isolate
the carrier field interplay. The stability of the optical field
was inferred by examining the beam waist measurements
where loss of spatial coherence causes dramatic broadening
and loss of symmetry.

3. Short device: 1.5 mm

Far-field intensity distributions for the 1.5 mm long
device are shown in Fig. 2. At lower currents the far-field
consists of two lobes symmetrically placed about the opti-
cal axis, similar to those previously observed in current-
profiled QW lasers [23]. In the QW case, the inter-lobe
divergence was determined by the strength of the refractive
index anti-guide and was constant as the current increased
due to the combination of a carrier density clamped at
threshold and a constant phase-amplitude coupling
(a-factor). However, in the present QD case, the inter-lobe
divergence first increases as the current increases before
decreasing at higher currents. These changes in the inter-
lobe divergence reflect the above threshold changes in the
phase-amplitude coupling due to changes in the non-reso-
nant carrier densities, as previously described by Dagens
et al. [26] and explained in [27]. At 2 A injection current,
the on-axis region of the far field has begun to ‘‘fill-in’’
and, by 2.5 A no discernible structure remains in the far-
field distribution.

The corresponding beam waist distributions are dis-
played in Fig. 3. At lower currents, the profiles consist of
a narrow central lobe, with symmetrically placed minor
side lobes. Again, these profiles are very similar to those
previously reported for the QW case and indicate coherent
Fig. 2. Far-field intensity distributions from short device for increasing
currents (500 mA, 1 A, 1.5 A, 2 A, 2.5 A).



Fig. 3. Beam waist intensity distributions from short device for increasing currents (left – 400 mA, 800 mA, 1 A, right – 1.5 A, 2 A, 2.5 A).
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output of the device. However, as with the far-field distri-
butions, the shape exhibits qualitative changes by 2 A, hav-
ing broadened and lost symmetry about the optic axis, the
narrow side lobes being barely discernible. The broadening
continues to 2.5 A and is indicative of a loss in the coher-
ence of the device due to unstable, filamentary output.
Fig. 4. Near-field intensity distributions from short device for various current
The near-fields for this device are shown in Fig. 4 for
various currents. Below threshold, the near-field displays
a smooth, bell shaped profile which reflects the smoothened
carrier profile in the active region due to the current
spreading layer as mentioned previously. At lower currents
above threshold, the near-field also follows the injection
s (top left 120 mA, top right 1.2 A, bottom left 2 A, bottom right 2.5 A).
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profile apart from a central defect where very little light is
present. By varying the distance between the facet and
imaging lens it is possible to track the evolution of the
beam from its waist to near field and onto the far-field.
By performing such an observation at lower currents above
threshold, it was noted that the near-field lobes propagate
to the far-field lobes without crossing, as would be expected
from the presence of a carrier-induced anti-guide. Such a
near-field profile is similar to that observed in the QW case
where each lobe in the far-field was associated with a spa-
tially distinct region of the near-field. However, the defect
region was not visible in the QW case. At increased injec-
tion, the near-field begins to lose its symmetry about the
optical axis and the defect region begins to fill in. At
2.5 A, where both beam waist and far-field exhibit evidence
for loss in spatial coherence and unstable output, the near-
field exhibits the formation of filament-like structures in
the central region. The injection current level at which sta-
ble, coherent output collapses to unstable emission was
estimated to be 1.7 A by observing the evolution and
broadening of the near, far and beam waist fields.

To further investigate the cause(s) for the onset of unsta-
ble behavior in the present QD structure, the optical spec-
trum of the device was recorded over its range of operation
and is displayed in Fig. 5. For the lowest current level the
device is below threshold, and the resulting spontaneous
emission profile is maximized at the ground state transition
near 1290 nm and broadened by two effects, inhomoge-
neous broadening due to dot size irregularity and the pres-
ence of a first excited state transition near 1180 nm. As the
current increases, lasing at the ground state is apparent and
increases steadily until 1.5 A. At this current, lasing is also
beginning to occur for the excited state, and becomes pro-
gressively stronger as the current increases to 2.5 A. This
onset of excited state lasing has been reported previously
in QD structures [28] and has been explained as a conse-
quence of the reduced effective mass of holes in the dot
structure. As a result, the hole energy level spacing is
reduced to a degree where, at room temperature, holes in
Fig. 5. Optical spectra from short device for increasing currents (0.1 A,
0.2 A, 0.4 A, 1 A, 1.5 A, 2 A, 2.5 A).
the dot can be said to occupy a single shared hole level
[29]. The onset of two state lasing is usually accompanied
by an increase in the phase-amplitude coupling due to
increased complexity of the gain spectrum [26] and an
increase in the noise properties of the device due to the
increased degree of freedom as well as a-factor changes
[30]. The destabilization of the current-profiled quantum
dot devices may be a further consequence of these
increases.

4. Long device: 3.0 mm

To examine the relationship between the onset of excited
state lasing and the collapse of stable, coherent output of
the device, a longer device was tested. Increasing the length
of the device allows it to reach threshold at a reduced cur-
rent density and thus delay the onset of excited state lasing
to higher currents. However, it should be noted that
increasing the length of an optical cavity, without changing
the width of the cavity results in a decrease in the Fresnel
number (F) of the cavity and thus a reduction in the num-
ber of available modes of the 2-d cavity (F ¼ a2

Lk, where a is
the width of the cavity, L is the length and k is the wave-
length of the laser). To partially compensate for this reduc-
tion, our longer device was chosen to have a larger
injection region which corresponded to a spontaneous
emission FWHM of 150 lm in comparison to the 120 lm
FWHM of the 1.5 mm device.

The far-field intensity distribution resulting from the
longer device is shown in Fig. 6 at various currents up to
6 A. As with the shorter device, the main feature is the
dual-lobed pattern, with a central region which begins to
fill for high currents (>3.7 A). Also the inter-lobe diver-
gence is not constant above threshold (as was previously
the case with QW structures), but initially increases before
decreasing for higher currents, again reflecting the chang-
ing phase-amplitude coupling above threshold.

The corresponding beam waist intensity distributions
are shown in Fig. 7. At a current of 1 A, the distribution
Fig. 6. Far-field intensity distributions from long device for various
currents (1 A, 2 A, 3 A, 3.7 A, 4 A, 5 A, 6 A).



Fig. 7. Beam waist intensity distributions from long device for various currents (left – 1 A, 2 A, right – 3 A, 4 A, 5 A (some vertically offset for clarity)).

Fig. 9. Optical spectra of long device for various currents (0.2 A, 1 A, 2 A,
3 A, 4 A, 5 A).
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is very similar to the short laser case, consisting of a main
central lobe and minor symmetric side lobes. As the current
increased, these side lobes also increased, however the sym-
metry of the shape remained and the visibility of the lobes
indicate the absence of unstable filamentary dynamics in
this current range. Above currents of 3.7 A, the shape
become much more complicated, with the side lobes losing
their symmetry and collapsing to a broad featureless distri-
bution indicating the loss of stability and coherence and the
onset of filamentary dynamics.

The near-field intensity distributions for this device are
shown in Fig. 8. For the lowest current, the broad
150 lm FWHM spontaneous emission profile is apparent.
For lower currents above threshold, near-fields similar to
the shorter device occur. These exhibit lasing on either side
of the device with reduction in the center, albeit in a less
symmetric fashion. At the highest currents, the central
region fills, and filament-like features appear. To summa-
rize the results for the longer device, the injection current
level at which stable, coherent output collapses to unstable
emission was estimated to be 3.7 A, primarily determined
by the loss of visibility of the fringes in the beam waist
intensity distribution.
Fig. 8. Near-field intensity distributions from long devices at various
currents (0.2 A, 0.5 A, 2 A, 3 A, 4.5 A, 5 A).
To further compare with the shorter device, the spec-
trum of the longer device is shown in Fig. 9. The below
threshold, spontaneous emission spectrum is similar to
that observed in the shorter device and the evolution
as current is increased is similar (though occurs over a
wider range of currents due to the increased length of
the device). Most notably, the current at which the
device output become unstable and filamentary is linked
to the onset of excited state lasing in a similar fashion to
the shorter device, even though this current is much
higher in the longer case (3.7 A) than in the shorter case
(1.7 A). Thus, in both the long and short devices de-sta-
bilisation of the optical field with increasing current can
be associated with the onset of excited state lasing. The
ensuing filamentary dynamics may be due to the
increases in low frequency noise and phase-amplitude
coupling that occur in this regime.

5. Conclusion

The stability properties of broad area, injection profiled,
quantum dot semiconductor lasers are analyzed for devices
of different length. Generally, the onset of spatio-temporal
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instability coincides with the onset of excited state lasing
possibly due to the increased level of noise and increased
phase-amplitude coupling which occurs in this regime. As
these effects are unique to quantum dot structures, this
information is of importance to designers of high bright-
ness lasers considering utilizing quantum dot materials
for their noted benefits.
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