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a b s t r a c t

We report on the InAs quantum dot lasers grown by gas source molecular-beam epitaxy, respectively, on

GaAs and InP substrates. Room temperature continuous-wave operation was achieved for both InAs/GaAs

and InAs/InP quantum dot lasers, respectively, at 1:10 mm and 1:5421:70 mm wavelength region. More

than 50 mW optical power was collected from one facet of the InAs/GaAs quantum dot lasers at 20 1C,

while for InAs/InP quantum dot lasers the maximum output power was measured as 30 mW. For InAs/InP

material system, by increasing the layer thickness of deposited InAs from 3.0 to 3.5 monolayers, the lasing

wavelength can be extended from 1:521:6 mm to 1:621:7 mm. Moreover, a tunable quantum dot external

cavity laser was demonstrated, utilizing the broad gain profile of InAs quantum dots.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

InAs quantum dots (QDs) have been extensively studied as the
active material of high performance QD lasers [1–4]. Successful
growth of InAs QD lasers has been achieved in variant techniques
such as solid-state molecular-beam epitaxy (SSMBE) [5–8], metal
organic vapor-phase epitaxy (MOVPE) [9–13], chemical-beam
epitaxy [14], and gas source molecular-beam epitaxy (GSMBE)
[15–18]. In particular, GSMBE takes advantage of SSMBE while
utilizing well-developed high temperature injectors for arsenic
and phosphorus sources. Thus, GSMBE is capable of growing both
GaAs-based and InP-based semiconductor structures with control
of layer thickness and interface as precise as SSMBE. In this paper,
we studied the InAs QD lasers grown by GSMBE, respectively, on
GaAs and InP substrates. Good laser performances have been
obtained from the laser diodes grown by GSMBE. Moreover, a
InAs/GaAs QD laser diode was placed inside an external cavity in
Littrow configuration. A tuning range of 38 nm was obtained while
the threshold current density was kept below 1 kA=cm2 in the full
tuning range. For InAs/GaAs QD lasers, we explored the possibility
of gain broadening by growing the active region with InAs layers of
different thicknesses. On the other hand, for InAs/InP QD lasers, it
was demonstrated that the lasing wavelength can be extended
from 1:521:6 mm to 1:621:7 mm by increasing the thickness of InAs
layer for QD formation from 3.0 to 3.5 monolayers (MLs). Because
the lattice misfit between InAs and GaAs is much larger than
that between InAs and InP, InAs QDs formed on GaAs are smaller
than that on InGaAsP/InP. In addition, the barrier materials for
InAs/GaAs QDs are different from the InAs/InGaAsP/InP ones.
ll rights reserved.
Thus, different regions of emission wavelength are usually covered
by the InAs/GaAs QDs (1:021:4 mm) and InAs/InGaAsP/InP QDs
(1:521:7 mm), respectively.
2. Growth and device fabrication

The samples were grown, respectively, on n-type GaAs and InP
(1 0 0) substrates by GSMBE, where III-element flux is produced
from pure metal gallium, indium, and aluminum. Arsenic and
phosphorus fluxes are produced by introducing AH3 and PH3 gas
through a high temperature injector at 1000 1C. Note that the
V-element flux is always accompanied by a hydrogen flux resulted
from the thermal decomposition of introduced hydrides. After
thermally removing the native oxide layer on the substrate, QD
laser structures were grown with detailed structures described
below. Ridge waveguide laser diodes were fabricated with strip
width of 6 mm. The Fabry–Perot (FP) cavity was formed by the
cleaved facet without coating. The output power was measured by
a Melles Griot optical power meter including an integrating sphere
Ge detector. Lasing spectra were recorded by a Fourier transform
infrared spectrometer equipped with a InSb detector with resolu-
tion of 0:125 cm�1. All the measurements were carried out in CW
mode and a heating stage was used for temperature dependent
measurements in the range of 20–80 1C.
3. Results and discussions

3.1. InAs/InP QD lasers

The grown InAs/InP QD laser structure consists of 600 nm 1�
1018 cm�3 Si-doped InP buffer layer, 100 nm InGaAsP (lg ¼ 1:18 mm)
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Fig. 1. Output power vs injection current of InAs/InP QD laser under CW operation

in the temperature range of 20–70 1C. The QD layer was formed by 3.0 MLs InAs.

Inset is the lasing spectrum taken at 20 1C.
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Fig. 2. Output power vs injection current of InAs/InP QD laser under CW operation

at 20 1C. The QD layer was formed by 3.5 MLs InAs. Inset is the lasing spectrum.
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Fig. 3. Output power vs injection current of InAs/GaAs QD laser under CW operation

in the temperature range of 20–80 1C. Inset is the lasing spectrum taken at 20 1C.
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layer, five-stacked InAs QD layers separated by 40 nm InGaAsP
(lg ¼ 1:18 mm) spacers, 100 nm InGaAsP (lg ¼ 1:18 mm) layer,
1:5 mm 5� 1017cm�3 Be-doped InP layer, and 200 nm Be-doped
InGaAs layer. The QD layer was formed by 3.0 MLs InAs. The active
region was grown at 485 1C and the InP layers were grown at
465 1C. The QDs were found to be round and slightly elongated
along the [0 1 1̄] direction, with mean dot height of 2.9 nm and
mean base diameter of 76 nm [18]. For another sample, 3.5 MLs
InAs layer was deposited to form the QD layer.

For the laser structure with QD layer formed by 3.0 MLs InAs, the
light output characteristics of the QD laser were shown in Fig. 1 for
a 2.0 mm-long laser diode. At 20 1C, the threshold current density
was measured as 1:1 kA=cm2. From one facet more than 30 mW
optical power was collected. The lasing spectrum centered at
1598 nm is shown in the inset of Fig. 1 for a laser diode driven
by 170 mA at 20 1C. The maximum output power dropped gradu-
ally to about 5mW when the heat sink was raised to 70 1C. By the
temperature dependence of the threshold current, the character-
istic temperature of the QD laser diode was derived as 69 K. By
reducing the cavity length of the QD laser, shorter lasing wave-
length was observed. Because the mirror loss rises with decrease in
the cavity length, resulting in shorter lasing wavelength where the
gain is high enough for lasing [18].

It is found that the lasing wavelength of QD lasers can be
extended by depositing more InAs to form the QD layer. The lasing
wavelength was shifted into the range of 1:621:7 mm when the QD
layer was formed by 3.5 MLs InAs. The output power vs injection
current at 20 1C is shown in Fig. 2 for a 1.5 mm-long laser diode,
with threshold current density of 3:7 kA=cm2. The maximum
output power per facet was measured as about 10 mW. The lasing
wavelength is around 1:67 mm, as shown in the inset of Fig. 2 when
the diode was driven by 340 mA. Obviously the laser performances
were degraded by the increase in the layer thickness of InAs
deposited for the QD layer. It is likely that the thickness of 3.5 MLs is
too thick to keep the QD layer defect free.
3.2. InAs/GaAs QD lasers

The grown structure of InAs/GaAs QD lasers consists of 500 nm 2�
1018 cm�3 Si-doped GaAs buffer layer, 1:5 mm 1� 1018 cm�3 Si-
doped Al0:3Ga0:7As layer, 80 nm thick undoped Al0:15Ga0:85As layer,
the active region, 80 nm thick undoped Al0:15Ga0:85As layer, 1:5 mm
1� 1018 cm�3 Be-doped Al0:3Ga0:7As layer, and 200 nm Be-doped
GaAs contact layer. The core active region includes five-stacked InAs
QD layers, respectively, formed by 2.3, 2.4, 2.5, 2.6, and 2.7 MLs InAs.
The QD layers were grown at 500 1C and separated by 40 nm GaAs
spacer. The GaAs buffer and AlGaAs layers were grown at 580 1C. It is
expected that different thicknesses of deposited InAs layer might result
in broad size distribution of InAs QDs. Broad gain profile, thus, can be
achieved, which is of great importance for broadly tunable lasers.

The dependence of output power on injection current is shown
in Fig. 3 at varying heat sink temperatures for a 2.5 mm-long laser
diode. At 20 1C, the threshold current density was 615 A=cm2, and
more than 50 mW optical power was measured in CW mode from
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Fig. 4. (a) Lasing spectra of the InAs/GaAs QD external cavity laser tuned by rotating the grating in Littrow configuration. (b) The threshold current density vs the lasing

wavelength.
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one facet. The lasing spectrum centered at 1083 nm is shown in
the inset of Fig. 3 for the laser diode driven by 100 mA at 20 1C.
The threshold current increases with the heat sink temperature.
However, CW operation was maintained up to 80 1C and 6 mW
maximum optical power was recorded at 80 1C. The lasing wave-
length can be selected in the range of 1:0521:10 mm by cleaving the
diodes into different cavity length, due to the same mechanism
discussed above for InP-based QD lasers. From the dependence of
external quantum efficiency on the cavity length, the internal
quantum efficiency was derived as 30.5% and the internal lose as
3:7 cm�1. In the temperature range of 20–80 1C, the characteristic
temperature (T0) of the laser threshold current was deduced as 49 K
from the measured L2I data shown in Fig. 3.

3.3. Tunable QD external cavity lasers

Since QD lasers have potential application in low-threshold
tunable external cavity laser with very wide tunable range [19], we
placed the InAs/GaAs QD laser diode inside an external cavity in
Littrow configuration. The results are shown in Fig. 4. By varying
the angle of grating the lasing wavelength can be tuned in the range
of 1068–1106 nm, as shown in Fig. 4(a). Note that during the full
range of wavelength tuning, the threshold current was below
1 kA=cm2, as shown in Fig. 4(b). Although wide tuning range of
38 nm has been achieved, its potential for widely tunable laser has
not been fully explored. One of the key points is that the tested laser
diode has no facet coating, which prevents the diode lasing from
excited states. Lasing from the ground state easily occurs between
the cleaved facets when the injection current is raised. Therefore,
the tuning range is expected to be drastically enlarged by applying
anti-reflection layer to one of the cleaved facet.
4. Conclusion

We have investigated the InAs quantum dot lasers grown by gas
source molecular-beam epitaxy on, respectively, GaAs and InP
substrates. For GaAs based QD lasers, CW operation has been
achieved at temperatures up to 80 1C and more than 50 mW output
optical power was measured from one facet at 20 1C. The lasing
wavelength is around 1:1 mm. For InP based QD lasers, the
maximum output power at 20 1C was measured as 30 mW and
CW operation was kept up to 70 1C. Lasing wavelength of QD lasers
can be extended by increasing the layer thickness of InAs. In
addition, we studied the tunable InAs/GaAs QD external cavity laser
in Littrow configuration and tuning range of 38 nm was obtained.
In the full tuning range the threshold current density was kept
below 1 kA=cm2. Thus, much wider tuning range is expected when
an anti-reflection layer is applying to one of the laser facet, which
allow the external cavity laser working under larger injection
currents.
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