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The authors report the optical characteristics of GaSb/GaAs self-assembled quantum dots �QDs�
embedded in an InGaAs quantum well �QW�. Variations in the In composition of the QW can
significantly alter the emission wavelength up to 1.3 �m and emission efficiency. Lasing operation
at room temperature is obtained from a 2-mm-long device containing five stacked GaSb QDs in
In0.13Ga0.87As QWs at 1.026 �m with a threshold current density of 860 A/cm2. The probable
lasing transition involves electrons and holes confined in the QW and QDs, respectively, resulting
in a large peak modal gain of 45 cm−1. A significant blueshift of the electroluminescence peak is
observed with increased injection current and suggests a type-II band structure. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2752018�

Quantum dots �QDs� in GaSb/GaAs materials are char-
acterized by a staggered �type-II� band alignment, wide band
gap range, and large valence band offset,1,2 along with the
zero-dimensional density of states �DOS�.3 In these materi-
als, the electron is confined in the two-dimensional electronic
gas �2DEG� formed by slight band bending at the
GaSb/GaAs interface, while the hole is confined within the
QD discrete energy levels. This unique collection of proper-
ties offers intriguing optoelectronic device possibilities on
GaAs substrates including lasers, detectors, or solar cells.
Moreover, type-II active region can be designed to work at a
variety of wavelengths by varying the composition of the
matrix surrounding the active region. Type-II quantum wells
�QWs� have been shown to work very effectively in the
mid-IR �Ref. 4� and type-II GaSb/GaAs QDs can be used for
demonstrating similar results in the near-IR.5–15 In addition,
type-II QDs could be also useful for single carrier, even uni-
polar storage devices including optical memory15 owing to
their longer decay time ��10 ns �Refs. 7 and 9��.

Several groups have so far reported the optical properties
of type-II GaSb QDs using the Stranski-Krastanov �SK�
growth mode by molecular beam epitaxy5–13 �MBE� or
metal-organic chemical vapor deposition.14,15 Our group has
demonstrated high optical quality in both SK and interfacial
misfit16 �IMF� growth modes with photoluminescence �PL�
indicating quantized energy levels and blueshift of the PL
peak with increased pump power.12 Moreover, the electrolu-
minescence �EL� from GaSb IMF QDs at �1.3 �m has been
demonstrated, which would be applicable to light sources in
fiber-optic communication systems.13 However, there have
been no reports of type-II QD lasers, although many groups
have demonstrated lasing from type-II QWs.17 This is likely
because the weak overlap of carrier wave function combined
with QD-DOS is insufficient for high modal gain and lasing
operations.

In this study, laser structures based on GaSb SK QDs in
InGaAs QWs are fabricated for investigation. Samples are
grown on �100� n-GaAs substrates by solid-state MBE fol-
lowed by a 1.46 �m n-Al0.3Ga0.7As clad, an active layer, a
1.46 �m p-Al0.3Ga0.7As clad, and a 50 nm p+-GaAs contact
layer with a doping density of 2�1019/cm3. Si and Be are
used as n- and p-type doping materials, respectively. The
growth temperatures of n and p clads are 610 and 550 °C,
respectively. The doping density of n or p clad is 2
�1017/cm3 within 0.5 �m close to the waveguide and in-
creases to 5�1017/cm3 for another 0.96 �m clad. The active
layer consists of five stacked GaSb QDs in a 7 nm
In0.13Ga0.87As QW separated by 23 nm GaAs spacer, and is
cladded by 90 nm GaAs. The growth rate, V/III ratio, and
nominal thickness of QDs are 0.32 ML/s, 1, and 4 ML, re-
spectively. The QD density is determined to be 3.0
�1010/cm2 by atomic force microscope �AFM�, as shown in
Fig. 1�a�. Figure 1�b� shows the cross-sectional transmission
electron microscope �TEM� image indicating QDs embedded
in the QW and sandwiched between GaAs buffer and cap.
The width and height of QDs are estimated to be approxi-
mately 15 and 8 nm, respectively.

Figure 2 shows the room-temperature �RT� PL spectra of
a single-layer GaSb QDs embedded in an InxGa1−xAs QW
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FIG. 1. �Color online� �a� AFM image of surface GaSb QDs �dot density:
3.0�1010/cm2�. �b� Cross-sectional TEM image of GaSb QDs embedded in
InGaAs QW.
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with different In compositions �x� with an excitation by a
5 mW He–Ne laser with a 1.5 mm spot size. The W configu-
ration of the inset of Fig. 2 illustrates the likely band struc-
ture for the GaSb/ InGaAs ensemble showing a large conduc-
tion band offset formed by the QW for effective electron
confinement while holes are confined within QDs. Such a
band structure results in both increased electronic DOS and
increased electron confinement to provide high gain despite
of the type-II band alignment. Two most probable electronic
transitions are labeled �I� and �II�. Transition �I� indicates an
electron confined in a 2DEG at the GaAs/GaSb interface.
Transition �II� includes a more strongly confined electron in
the QW surrounding QDs. Transition �II� is more probable
compared to �I� and results in a longer wavelength emission.
The PL spectra in Fig. 2 show the existence of two peaks:
one peak at 1.13 �m, and another peak at 1.205, 1.265, or
1.28 �m from the samples with x=0.1, 0.2, or 0.3, respec-
tively. The first steady peak at 1.13 �m is the same as those
measured from GaSb QDs capped with GaAs �Ref. 12� and
likely due to transition �I� processes. The second peak prob-
ably results from transition �II� processes. The increased In
composition in the QW reduces the band gap of the QW
resulting in an increased electron confinement, subsequent
intensity increase, and a longer emission wavelength. It is
noted that a carrier decay time �8 ns at RT or 40–70 ns at 4
K is measured for the same GaSb/GaAs QDs in InGaAs
QW, whose detailed study will be reported somewhere.

Broad area edge emitters �25-�m-wide stripe� are fabri-
cated by conventional device processing with as-cleaved fac-
ets on both sides. Cavity lengths �Lc� range from
0.5 to 5 mm. All measurements are performed under pulsed
conditions with a pulse width of 500 ns and 0.5% duty cycle.
The EL spectra and output power-current �L-I� characteris-
tics are collected by multi mode optical fiber and detected by
an optical spectrum analyzer and Ge optical powermeter, re-
spectively. Figure 3 shows the L-I curve and EL spectra at
current densities �J� ranging from �1 A/cm2 to 1 kA/cm2

for Lc=2 mm. The RT lasing at 1.026 �m is obtained with
the threshold current density �Jth� of 860 A/cm2 with a peak
output power of �5 mW at 1.1 kA/cm2. The EL emission
from GaSb QDs shown in the inset of Fig. 3 emerges at the
initial wavelength of 1.12 �m with J�1 A/cm2 and shifts
towards shorter value to �1.02 �m at J=1 kA/cm2 indicat-
ing a total blueshift of �100 nm. The shorter peak wave-
length of 1.12 �m measured from the devices compared to
the RTPL study peaked at 1.21 �m likely results from Sb
intermixing into the InGaAs matrix during upper clad growth
at �550 °C.

Lasing parameters are analyzed from a collection of de-
vices with varied Lc from 0.5 to 5.0 mm. These data, which
include lasing wavelength ��pk�, Jth, external quantum effi-
ciency ��ext�, and peak modal gain �Gpk� at Jth, are listed in
Table I. �pk and Jth vary with Lc and range from 1.016 �m at
1.4 kA/cm2 to 1.033 �m at 0.68 kA/cm2 for Lc=0.5 and

FIG. 2. RTPL spectra of a single-layer GaSb QDs embedded in InxGa1−xAs
QW at various In composition of x. The inset is the schematic band diagram
of GaSb QDs embedded in InGaAs QW.

FIG. 3. L-I characteristics of a 2-mm-long device containing five-stacked
GaSb QDs in In0.13Ga0.87As QW. The solid line is a guide for the eyes. A
threshold current density Jth is 860 A/cm2. The inset is the EL spectra of the
2-mm-long laser ranging from �1 A/cm2 to 1 kA/cm2.

TABLE I. Lasing peaks ��pk�, threshold current densities �Jth�, external quantum efficiency ��ext�, and peak
modal gain at Jth �threshold modal gain, Gth� of 25-�m-width devices with different cavity lengths �Lc�.

Lc �cm� 0.05 0.1 0.15 0.2 0.3 0.4 0.5

�pk �nm� 1016 1020 1025 1026 1028 1030 1033
Jth �A/cm2� 1402 1136 893 863 783 687 678

�ext 0.23 0.12 0.089 0.052 0.048 0.037 0.032
Gth �cm−1� 44.8 33.4 29.6 27.7 25.8 24.8 24.3
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5 mm, respectively. These �pk are longer than those of In-
GaAs QW lasers �0.98 �m� �Ref. 18� with the same In com-
position and thickness. The transparent current density, J�

=106 A/cm2 per QD layer, can be derived by extrapolating
the Jth to zero optical loss from the relation between Jth and
Lc. This somewhat high value, compared to InAs QD lasers
��10 A/cm2 per layer�, can be attributed to the reduced
overlap of the matrix element characteristics of the possible
type-II band alignment. �ext also varies with Lc and ranges
from 0.22 to 0.032. We calculate the internal loss, �i
=22 cm−1, by plotting the inverse �ext as a function of Lc. �i
is somewhat high for QD lasers but comparable to QW la-
sers. Gpk as a function of J=Jth is determined by the expres-
sion Gpk=Gth=�i+ln�1/R1R2� /2Lc, where Gth is a threshold
modal gain and R1�2�=0.32 is a facet reflectivity. Proportional
increase in Gpk can be observed from 24.3 cm−1 for Lc
=5.0 mm to 44.8 cm−1 for Lc=0.5 mm, which shows differ-
ent characteristics from InAs QD lasers where the modal
gain is saturated by increasing J.19 Gpk is larger than that of
InAs QD lasers which are typically �20 cm−1 for five to ten
stack QDs. This larger Gpk could result from electron con-
finement within the QW-DOS rather than the QD-DOS.

Figure 4 plots the detailed dependence of EL peak en-
ergy �E� �closed circle�, along with �pk �open circle� for the
lasers with different Lc just above threshold. A dashed line
shows a fit to the third root of J for the comparison with the
PL blueshift by increased pump powers.5,8,9 This E-J curve
indicates that the shift of the EL peak defined by dE /dJ is
significant at lower currents �dE /dJ�0.17 meV/ �A/cm2��,
but the blueshift clamps at higher J above �500 A/cm2

�dE /dJ�0.022�. The �pk with different Lc appear at the satu-
rated region of the E-J curve lying above �500 A/cm2. The
clamping of the EL blueshift might be due to a saturation of
hole energy levels in the finite QD-DOS. An alternative rea-
son for the blueshift could be Sb intermixing into GaAs ma-
trices resulting in type-I band alignment20 and subsequent
band filling at higher values of J. However, the clamping of
the blueshift is associated more closely with type-II transi-
tions, as described by Hatami et al.,9 than with the band-

filling effect. Furthermore, the clamping of blueshift is also
seen for type-II GaAsSb QW lasers which show initial
dE /dJ of �1.2 and a final lasing value of �0.12.21 The
smaller values of dE /dJ for the QDs compared to type-II
QWs for both low and high J are likely due to the stronger
hole confinement within the finite QD-DOS compared to the
infinite QW-DOS.

In summary, we report the optical characteristics of
GaSb/GaAs QDs embedded in InGaAs QW. Variations in
the In composition of InGaAs QW can significantly alter the
emission wavelength up to 1.3 �m. Lasing operation at RT is
obtained from five stacked GaSb QDs in In0.13Ga0.87As QW
�Jth=860 A/cm2� at �pk=1.026 �m with Lc=2 mm. Our ra-
tionale is shown towards a probable type-II lasing transition
involving electrons and holes confined in the QW and QDs,
respectively. A longer �pk than InGaAs QW lasers, a larger
Gpk of 45 cm−1 compared to InAs QD lasers, and a signifi-
cant blueshift ��100 nm� of the EL peak with increased J
further support this theory.
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