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Abstract— The characteristics of 1.55 μm InAs self-organized
quantum-dot lasers, grown on (001) InP substrates by molecular
beam epitaxy, have been investigated. Modulation doping of the
dots with holes and tunnel injection of electrons have been
incorporated in the design of the active (gain) region of the
laser heterostructure. Large values of To = 227 K (5 °C ≤ T ≤
45 °C) and 100 K (45 °C < T ≤ 75 °C) were derived from
temperature dependent measurements of the light-current characteristics. The modal gain per dot layer is 14.5 cm−1 and the
differential gain derived from both light-current and small-signal
modulation measurements is ∼0.8 × 10−15 cm2 . The maximum
measured −3 dB small-signal modulation bandwidth is 14.4 GHz
and the gain compression factor is 5.4 × 10−17 cm2 . The lasers
are characterized by a chirp of 0.6 Å for a modulation frequency
of 10 GHz and a near zero α-parameter at the peak of the laser
emission. These characteristics are amongst the best from any
1.55 μm edge-emitting semiconductor laser.
Index Terms— Quantum dot laser, molecular beam epitaxy,
tunnel injection, small-signal characteristics, differential gain.

I. I NTRODUCTION

T

HE light source that serves as the workhorse in
long-haul optical communication links is a 1.55 μm
laser, to take advantage of the minimum fiber attenuation in this wavelength range. These long wavelength
edge-emitting lasers are generally InP-based and the active
(gain) region is lattice-matched In0.53 Ga0.47 As/InGaAsP/InP
or In0.53Ga0.47 As/InGaAlAs/In0.52Al0.48 As double heterostructure or multi-quantum wells (MQWs) [1]-[5]. Pseudomorphic or strain-compensated QWs are also used to engineer
the gain, confinement energies and associated characteristics
[6]-[8]. Because of the small bandgap, of the gain region
injected carriers undergo Auger recombination which,
together with lower gain and differential gain, compared to
large bandgap devices, lead to larger threshold currents, large
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temperature dependence of the threshold current (small To),
and large chirp and α-factor associated with small-signal
modulation.
GaAs-based quantum dot lasers incorporating multiple selforganized In(Ga)As/GaAs quantum dot (QD) layers have
demonstrated superior performance at 1.3 μm [9]-[15], resulting from the large gain and differential gain in the dots and
more optimized carrier confinement compared to quantum well
lasers. The lasers are characterized by To ∼ ∞, extremely low
threshold current, large small-signal modulation bandwidth
of ∼15 GHz, and near-zero chirp and α-factor [9]-[15].
Unfortunately, the emission wavelength of these lasers cannot
be extended to 1.55 μm without the use of metamorphic buffer
layers, which degrade device performance due to the presence
of mismatch defects.
There have been reports on InP-based semiconductor lasers
that incorporate self-organized InAs quantum dashes as active
regions [16]-[23]. Under group V stabilized surface conditions,
the quantum dashes are typically elongated along the [110]
direction on (001) InP substrates due to longer indium surface
diffusion length along this direction [16], [17]. The emission
wavelength of the quantum dashes can be readily tuned in the
spectral range of 1.2 to 2.0 μm. Self-organized InAs quantum
dashes typically exhibit characteristics similar to InAs/GaAs
quantum dots in the transverse direction and therefore strong
quantum confinement can be achieved. In the longitudinal
direction, the quantum dashes are more than 100 nm long,
which results in very weak quantum confinement. InAs quantum dashes exhibit closely spaced electron and hole energy
levels and a large Auger recombination rate, which often
severely limit the performance of the lasers. Additionally,
the achievement of high quality quantum dashes, with small
inhomogeneous broadening of the luminescence spectrum, is
still elusive due to the complex interplay of thermodynamics and surface kinetics at the growth front of InAlGaAs
layers. While many groups have reported the growth and
characteristics of quantum dash lasers, failure to address these
problems generally leads to devices with poor performance
at room temperature, such as very large threshold current,
highly temperature sensitive operation (To ∼50-90 K) [20],
[24]-[26] large linewidth enhancement factor (≥2) [26] and
low modulation bandwidth (≤7 GHz) [21].
Three-dimensional InAs/InGaAlAs/InP quantum dots have
been recently grown by molecular beam epitaxy (MBE) in
the Stranski-Krastanow mode using an As2 source [27] and
1.55 μm edge-emitting and distributed feedback (DFB) QD
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lasers have been reported [28]-[30]. However, the fact remains
that we are dealing with lasers having small-bandgap materials
in the active region and hence Auger recombination and
related hot-carrier effects are bound to play a significant role.
Tunnel injection of carriers into the active region has been
used with great success to minimize hot carrier effects in
quantum well and quantum dot lasers [7], [8], [11], [13],
[14], [31]. In the most commonly used scheme, cold electrons
are directly injected from a wide injector region through a
barrier into the ground or first excited state of quantum wells
or dots by resonant direct or non-resonant phonon-assisted
tunneling [11], [13], [14]. Hot carrier effects resulting from
the large two-dimensional density of states in the dot wetting
layer and barrier regions and carrier leakage are minimized,
resulting in devices with increased differential gain, reduced
gain compression, high To , and reduced α-parameter and chirp
[13], [14]. It is also well-recognized that the hole distribution
in quantum dots is thermally broadened into many available
states with very small energy spacing and therefore a large
injected carrier density would be required for large gain in
the ground state. With acceptor (p) doping, extra holes are
provided at the ground state energy by either direct doping of
the dots or by modulation doping in the barriers [10], [12].
Such doping is also known to reduce hot carrier effects.
In the present study, we have incorporated the electron tunnel injection scheme and modulation doping of the dots with
holes in the design of InAs/InGaAlAs/InP QD lasers grown by
MBE. Both broad-area and near-single mode ridge waveguide
edge-emitting lasers have been fabricated and their static and
dynamic characteristics have been measured. The lasers are
characterized by large differential gain (0.8 × 10−15 cm2 ),
relatively low threshold current density (390 A/cm2 ), very
large To (227 K in the range 5 °C ≤ T ≤ 45 °C and 100 K in
45 °C ≤ T ≤ 75 °C), large modulation bandwidth (14.4 GHz)
and low α-parameter (0.17) and chirp (0.6Å), making them
extremely attractive for long-haul fiber-optic communication
links.
II. E PITAXIAL G ROWTH AND FABRICATION OF QD L ASERS
The MBE growth of self-organized InAs/InGaAlAs/InP
quantum dots is first described. InAs quantum dots are grown
on a In0.53 Ga0.23 Al0.24 As layer lattice matched to InP substrate
by depositing 5 monolayers of InAs at an optimized temperature of 495 °C under As2 flux with a V/III ratio of 18. The
growth rate of InAs is kept fixed at 360 nm/hr. An ultra-thin
5Å GaAs layer is grown on In0.53Ga0.23 Al0.24 As just prior to
the growth of quantum dots, which we believe reduces the
surface roughness of the In0.53Ga0.23 Al0.24 As layer, increases
the In adatom mobility on the surface and therefore helps to
increase dot density and size uniformity. The areal density of
quantum dots measured by atomic force microscopy (AFM)
(Fig. 1) is ∼5 × 1010 cm−2 , which is quite high for this
material system. The average dot diameter is ∼25 nm and
height is ∼5-6 nm. The very tall features observed in the AFM
image are consequences of the initial surface roughness, which
provides disordering of the nucleation centers for the growth
of the QDs, leading to coalescing of individual dots [32].
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Fig. 1.
Atomic force microscopy (AFM) image of InAs/In0.53 Ga0.23
Al0.24 As/InP quantum dots grown by molecular beam epitaxy. The dot density
is estimated to be 5 × 1010 cm−2 .

This, in effect, results in the creation of dislocations due to
the coalesced dots being relaxed. Hence it is expected that
further optimization of the growth process can reduce the
defect density and further enhance device performance.
The band diagram of the tunnel heterostructure and the
electronic states in the quantum dot are obtained by solving
the Schrödinger equation. The final design is obtained by fine
tuning with photoluminescence (PL) measurements on control
samples. The bandgap in the injector well and dot regions
necessitate phonon-assisted non-resonant tunneling into the
dot ground state. The InAs tunnel injection quantum-dot laser
heterostructure, as shown in Fig. 2(a), is grown on Si-doped
(001)InP susbstrates. The n- and p-cladding layers consisting
of 0.8 μm In0.52 Al0.48 As:Si and 1.0 μm In0.52 Al0.48 As:Be,
respectively, are grown at an optimized temperature of 515 °C
at a rate of 0.72 μm/hr. The active region consisting of five
periods of injector well and dot tunnel injection heterostructures, separated by 40 nm In0.53Ga0.23 Al0.24 As barriers, are
grown at 495 °C. In each period, an 8 nm In0.45 Ga0.55 As quantum well is grown as the injector region. The injector well and
quantum dot layer are separated by a 2.5 nm In0.52 Al0.48 As
tunnel barrier. The PL emissions of both the well and dot
layers are carefully tuned so that the ground state of the
well is approximately one optical phonon energy (∼36 meV)
above the ground state of the dot layer. The quantum dots are
modulation doped p-type with a 10 nm Be-doped (p = 4.0 ×
1011 cm−2 ) region in the In0.53 Ga0.23 Al0.24 As barriers. The
mode profile in the waveguide was calculated (Fig. 2(b)) and
a mode confinement factor of  = 0.03 is derived. The room
temperature PL spectrum is shown in Fig. 3(a), where emission
from the injector well and dot layers peak at 1.505 μm and
1.577 μm, respectively, and the full-width-at-half-maximum
(FWHM) of the quantum dot emission is ∼32 meV.
Both broad area (50 μm wide and 390-2000 μm long) and
ridge waveguide (2-4 μm wide and 390-2000 μm long) edge
emitting lasers were fabricated by standard photolithography
and wet etching and contact metallization techniques. The laser
facets obtained by cleaving were left uncoated.
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Fig. 2. (a) Schematic of the tunnel injection quantum dot laser heterostructure; (b) calculated mode profile.

III. R ESULTS AND D ISCUSSION
A. Static Characteristics
The modal gain of the QD laser near threshold conditions was measured by the Hakki-Paoli technique [33]. The
subthreshold spectra were measured with an optical spectral
analyzer under 10 kHz pulsed bias with duty cycle of 1.96%
at room temperature. When threshold is reached, the spectral
output is characterized by a succession of peaks and valleys.
The spectral gain is determined by analyzing these data. The
net modal gain g, where g is the material gain, is plotted
in Fig. 3(b) as a function of photon energy for a 50 μm ×
1000 μm broad area laser. The measured peak modal gain is
72.5 cm−1 , and the modal gain per dot layer is 14.5 cm−1 .
This is comparable to the highest gain measured in any GaAsor InP-based quantum dot laser and suggests that we have used
the optimum number of QD layers [30] in the active region.
The light-current (L-I) characteristics of a broad area laser
was measured with pulsed bias (1.96% duty cycle) and is
shown in Fig. 4(a). A small threshold current density of Jth =
390 A/cm2 is obtained with as-cleaved facets. The threshold
current Ith for this device is 195 mA. Even lower values
are achievable by coating the facets with dielectric Bragg
reflectors. The spectral output of the laser for an injection
current of 255 mA is shown in the inset to Fig. 4(a) with
the peak emission wavelength at 1.56 μm. The output lightcurrent-voltage (L-I-V) characteristics of a 3 μm × 390 μm
ridge waveguide device are shown in Fig. 4(b).
Temperature dependent measurements were made on the
lasers in the range of 0-75 °C. The variation of threshold
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Fig. 3.
(a) Room temperature photoluminescence (PL) spectrum of
InAs/In0.53 Ga0.23 Al0.24 As/InP quantum dots; (b) gain spectrum of the quantum dot laser measured from the near-threshold laser spectrum (shown in the
inset) using the Hakki-Paoli technique.

current density with temperature for a 1000 μm long broad
area laser is shown in Fig. 4(c). Analyzing the data with
the relation yields values of the temperature coefficient of
To = 227 K in the range 5° ≤ T ≤ 45 °C and To =
100 K in the range of 45° ≤ T ≤ 75 °C. These are large
values of To in the context of 1.55 μm lasers [29], [30].
We attribute this improvement to the tunnel injection of the
cold electrons into the dots and their radiative recombination
before they can contribute to Auger recombination and leakage
into the barrier regions. The higher conduction band offset
in the In(AlGa)As material system is also responsible for
the observed improvement. The variation of peak emission
wavelength with temperature for lasers with different cavity
lengths is shown in Fig. 4(d). The temperature and wavelength
range represent the practical operational regimes for these
lasers. The temperature coefficient dλ/dT shows a very small
change, from 0.39 nm/K to 0.45 nm/K, in going from 0.5 mm
to 2 mm in cavity length. The behavior does not indicate
any significant gain saturation or state filling of the ground
state [34], as expected from the measured high value of modal
gain, and instead reflects the normal bandgap shrinkage with
temperature.
We next describe measurements made on lasers with varying
lengths, L. The variation of peak emission wavelength is
shown in Fig. 5(a). As mirror losses increase with decreasing
cavity length, the required additional gain can be obtained
from transitions involving higher energy levels within the
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Fig. 4. (a) Measured light-current characteristics of a broad area quantum dot laser. Inset shows the lasing spectrum at I = 1.3Ith ; (b) L-I-V characteristics of
a 3 μm × 390 μm ridge-waveguide laser showing the roll-over at high injection; (c) threshold current density vs. temperature characteristics of the broad-area
quantum dot laser of (a); (d) variation of peak wavelength with temperature for broad area lasers of varying cavity lengths.

ground state. It may be remembered that the ground state levels
are inhomogenously broadened by coupling between dots of
varying size and a two-fold spin degeneracy. Nonetheless, the
measured shift of 10.5 nm for a four-fold increase in L is
very small, in agreement with the temperature dependent data.
Light-current measurements were made on lasers of varying
cavity length and the differential quantum efficiency, ηd , and
Jth were recorded for each length. Figure 5(b) shows the
variation of ηd−1 with L. Assuming mirror reflectivities of
0.30 and an unity injection efficiency, the data yield values
of internal quantum efficiency ηi = 65.3 % and cavity loss
αi = 7.8 cm−1 . The latter, which includes scattering and
absorption losses at the facets, is reasonably low. Figure 5(c)
shows a plot of Jth versus 1/L. Analysis of this data yields
values of the transparency current density Jtr = 272 A/cm2
and differential gain dg/dn = 7.7 × 10−16 cm2 . In performing
this analysis, values of confinement factor  = 0.03, quantum
dot fill factor ξ = 0.51, radiative lifetime τr = 1 ns [35] and
the value quoted above for αi were used.
B. Dynamic Characteristics
The small-signal modulation characteristics of 390 μm-long
ridge waveguide lasers (3 μm ridge width) were measured
under pulsed bias conditions with a sweep oscillator, lownoise amplifier, high-speed detector and a spectrum analyzer.
The measured response was calibrated for the losses due to

cables, connectors, bias network and dc blocking capacitor.
The modulation response is shown in Fig. 6. A −3dB modulation bandwidth of 14.4 GHz was measured for an injection current of 67 mA, and the resonance frequency fr at this injection
level is 11.2 GHz. The response at different injection currents
is analyzed by the classical laser modulation response [8]:
|M( f )|2 ∞

1
γd 2 2
( f 2 − fr2 )2 + ( 2π
) f

(1)

where γd is the damping factor. The limitation to the modulation response due to the quantum capture time τc , which
is related to carrier relaxation in the QD, is neglected and it
is assumed that differential gain and gain compression limit
the modulation bandwidth. Since we tunnel electrons directly
into the QD, this assumption is justified. Under these
conditions, the damping factor is related to the resonance
frequency by the approximate relationship γd ∼
= K fr2 . The
proportionality constant is the K-factor, which is a measure of
the damping limited bandwidth. Analysis of the small-signal
modulation data of Fig. 6 using Eqn (1) yields the values of
γd and fr and the plot of γd versus f2r is shown in Fig. 7(a).
From the slope of this plot, a value of K = 0.40 ns is
obtained. The maximum intrinsic modulation bandwidth is
given by f −3d B (max) = 23/2 π/K = 22.3 GHz for these
quantum dot lasers. Neglecting carrier transport effects, the
K-factor is related to differential gain, gain compression
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Fig. 5. (a) Measured variation of peak wavelength of broad area lasers with different cavity lengths; (b) variation of inverse differential slope efficiency with
cavity length; (c) variation of threshold current with inverse cavity length.

factor ε and photon lifetime τp through the equation [8]:
ε
K ∼
= 4π 2 ( dg + τ p )
v g dn

(2)

where vg is the photon group velocity and τp is the photon
lifetime. The differential gain can also be derived from the
small-signal modulation data using the relation [8]:

1/2
dg
1 v g (I − It h ) dn ηi
(3)
fr =
2π
Lwdact q
where w is the cavity width and dact is the thickness of the
active region. The measured values of fr is plotted in Fig. 7(b)
against (I-It h )1/2 and a value of dg/dn = 8.1 × 10−16 cm2 is
derived from the slope of this plot. This value of differential
gain is in excellent agreement with that derived from the
cavity length dependent L-I characteristics (Fig. 5(c)). These
are amongst the highest values of differential gain measured
in 1.55 μm quantum well and quantum dot lasers [21]. The
value of the gain compression factor is then obtained by the
use of Eqn (2) as ε = 5.42 × 10−17 cm3 . The low value of
ε is a direct consequence of p-doping and tunnel injection of
electrons, which minimizes the density of hot carriers due to
higher density of states in the QD wetting layer and barrier
states than that in the dots.
One of the consequences of the generation of hot carriers
and gain compression in a laser under small-signal modulation
is frequency, or wavelength, chirping caused by changes in the
refractive index in the gain region. It is therefore of interest

Fig. 6. Measured small signal modulation response of ridge waveguide
tunnel injection quantum dot laser. The solid curves are calculated modulation
responses (see text) The −3db modulation bandwidth measured for I = 67 mA
is 14.4 GHz.

to measure this characteristic of the tunnel injection lasers
under study. We have measured chirp in the QD lasers during
small-signal modulation by measuring the broadening of a
single longitudinal mode using an optical spectrum analyzer.
The sinusoidal modulation current was superimposed on the
pulsed dc bias current above threshold. The envelope of
the dynamic shift in the wavelength was recorded and the
difference between the half-width of the observed envelope
with and without modulation was used to evaluate the chirp.
The measurements were done as a function of the frequency
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Fig. 7. Data obtained from analysis of small-signal modulation resonance
of QD lasers: (a) variation of damping factor with resonance frequency;
(b) variation of resonance frequency with current injection.

Fig. 8. Measured chirp of quantum dot laser as a function of small-signal
modulation frequency; (b) measured α-parameter as a function of emission
wavelength.

of the modulating current. Shown in Fig. 8(a) is the measured
chirp as a function of the modulation frequency for a peak-topeak modulation current of 5.5 mA. Dense and ultra-dense
wavelength division multiplexing schemes require narrow
emission linewidth with a low dynamic chirp of the emission
wavelength [36]. The conventional light source at 1.55 μm has
been the InGaAsP double heterostructure or multi-quantum
well (MQW) laser which has large values of chirp (≥ 2 Ao )
[37], [38]. In comparison, the measured chirp in the present
device is less than 1 Ao . An important related parameter is the
linewidth enhancement factor, or α-parameter, which is also
related to the effects of the change of refractive index with
variation of injection current on the dynamic characteristics
of


4π dnr /dn
the laser. The α-parameter is expressed as: α = − λ dg/dn
and is determined by Hakki- Paoli measurements using the
relation:
dλ j
2
 √
√
α=
(4)
δλ d ln
rj − 1 / rj + 1

theoretically that the wavelength for the minimum value of α
coincides approximately with that of the peak gain in quantum
dot and quantum wire lasers [39]. A similar trend has also
been observed in multi-quantum well and quantum dash lasers
[40], [41]. Overall, the extremely low values of chirp and
α-factor measured in these p-doped tunnel injection 1.55 μm
lasers are very favorable characteristics.
Finally, it is worth noting that while improvement in laser
performance has been demonstrated in the present study with
the incorporation of p-doping of the dots and tunnel injection
of electrons, further improvement of laser characteristics have
been proposed with tunnel injection of both electrons and
holes. The double tunneling injection scheme [42], [43] helps
to prevent leakage of injected electrons and holes from the
active QD and can therefore lead to higher To and higher
output powers.

where λj is the peak wavelength of the jth mode in the
near-threshold spectrum, rj is the peak-to-valley ratio in the
spectrum and δλ is the mode spacing between adjacent modes.
The measured α-parameters are plotted against the peak wavelength of the spectrum at threshold in Fig. 8(b) and they
exhibit a strong wavelength dependence. At and near the peak
emission wavelength of 1.56 μm, α ∼0 and increases to above
1.5 at both shorter and longer wavelengths. It has been shown

IV. S UMMARY
The growth and application of self-organized InAs quantum
dots on InP-based semiconductors is relatively new— the
nanostructures that are formed more easily by self-organization
are quantum dashes. However, the characteristics of quantum
dash lasers are not suitable for application in optical communication networks due to very high threshold currents and
small To . We have therefore made a detailed investigation
of self-organized InAs/ In0.53Ga0.23 Al0.24 As/InP quantum dots
and QD lasers grown by molecular beam epitaxy. The quantum
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dots are fairly homogenous in size and have a large aerial
density and quantum efficiency. Tunnel injection and p-doping
were incorporated in the design of the laser heterostructure
to minimize hot-carrier effects. The lasers are characterized
by relatively low threshold, very high To , large modulation
bandwidth, small chirp and gain compression factor, and nearzero α-parameter. Most of these characteristics result from
large gain in the dot layers and large differential gain. The
devices are therefore very attractive for application in longhaul optical communication networks.
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