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ABSTRACT: A kind of new quantum confined indium (In)-
rich cluster (IRC) laser with polarized dual-wavelength output
is first proposed and realized. Unlike conventional quantum
well/dot lasers, its optical characteristics depend on the special
IRC effect-formed quantum confined structure, in which the
asymmetric distribution and various sizes of IRCs are
generated due to high strains in the indium-based material
system. It may lead to a special band structure suitable for
synchronous dual-wavelength lasing generation. The mecha-
nism of the laser operation is associated with independent
carrier transitions and stimulated emissions from multiple local indium-based active regions, which have various areas and
different indium contents due to the IRC effect. The sample uses InGaAs/GaAs/GaAsP as the kernel of lasing medium with the
edge-emitting configuration, both facets of which are used as cavity mirrors. The experiment exhibits synchronous dual
wavelengths of lasing at 970 and 980 nm in transverse electric (TE) polarization, with a total slope efficiency of 34.6% at a room
temperature of 300 K. The result is of great significance in the development of new types of monolithic quantum confined lasers
with dual-wavelength and polarization output.
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It is well-known that the synchronous dual-wavelength
operation of semiconductor lasers has been a hot research

topic in the world due to some special applications of this type
of laser, for example, two-wavelength interferometry, laser
medicine, difference-frequency generation of terahertz radia-
tion, difference-frequency laser radars, and so on.1−4 For this
reason, different material systems and laser structures have
been developed to achieve this goal, for example, the
combination of two physically separated chips, which have
different band gaps,5 the use of double distributed Bragg
reflectors (DBR),6 the designs of a complicated external cavity
with gratings or a subwavelength-thick metallic mask deposited
on the top surface of the medium, which is corresponding to
the antinode position of the longitudinal intracavity E-field, as
a spatially distributed absorbing filter to obtain dual-wave-
length lasing,7 or the uses of an intracavity Fabry−Perot etalon,
as well as coupled cavities.8−11 These previous structures and
approaches result in relatively complicated and expensive
integrations. Theoretically, the design of multiple strained
quantum wells may also achieve polarized dual-wavelength
lasing in a single structure.12 However, it is actually difficult to
ensure the stability of synchronous dual-wavelength lasing
operation with multiple strained wells due to carrier
recombination competition in sub-bands. Thus, it is much
desired to achieve the stable dual-wavelength lasing in a
simpler monolithic structure. Unfortunately, there has not

been a remarkable advance in this area to date, as the current
semiconductor lasers are still designed with conventional
quantum confined structures.
On the other hand, the cluster lasers running with

polarization and dual wavelengths in the waveband of 900−
1000 nm have never been reported yet, so far. The current
cluster lasers only operate at a single wavelength in the
terahertz waveband, based on laser-induced clusters,13 or
operate at a single wavelength of 1.5 μm by the saturated
absorption effect from the ion-implantation-induced nano-
structure clusters,14 as well as operate at a single wavelength in
the X-ray waveband by laser-cluster interaction, etc.15

In this paper, we are reporting a special and very interesting
quantum confined In-rich cluster (IRC) lasers, with which
stable dual-wavelength and polarized lasing in the waveband of
900−1000 nm is obtained. The laser is innovatively designed
by utilizing the InGaAs/GaAs-generated IRC effect. Since a
high strain generated from a large lattice mismatch between
InGaAs and GaAs materials can cause indium atoms to migrate
along the growth direction in the InGaAs/GaAs material
system, a large number of clusters may be formed on the
surface of InGaAs layer to relax the high strain in the system
when InGaAs is grown over a few monolayers in thickness on
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the GaAs layer.16−18 As a result, the migration of the indium
atoms (the formation of IRCs) leads to loss of the indium
contents from the corresponding InGaAs regions. So multiple
discrete InGaAs active regions with different areas and indium
contents are formed. This results in an unusual stimulated
emission mechanism for the polarized dual-wavelength lasing
generation.

■ IRC LASER STRUCTURE
The epitaxial structure of the indium-based IRC laser sample is
grown on the GaAs (001) substrate using metal organic
chemical vapor deposition (MOCVD) technique, as shown in
Figure 1a. The basic active layer material is In0.17Ga0.83As, with
a thickness of 10 nm, where the 10 nm thick In0.17Ga0.83As
layer is designed here to generate necessary strain accumu-
lation for the IRC’s formation. This is because the thickness
and indium content of the InxGa1−xAs layer are two key factors
of the IRC formation.16 An additional 2 nm thick GaAs strain-
compensating (SC) layer is embedded next to the
In0.17Ga0.83As active layer to assist the IRC’s formation and
control the strain between InGaAs and barrier layers. Both of
them are sandwiched by 8 nm thick GaAs0.92P0.08 barriers.
Beyond the InGaAs/GaAs/GaAsP kernel are the AlGaAs
waveguide layers, the GaAs top cap, and the GaAs (001)
substrate. The sample is deposited at a rate of 0.75 μm·h−1 and
100 mbar in pressure. A high temperature of 660 °C is applied
to increase the migration length of the indium atoms, which
will be helpful to the IRC’s formation in the material growth.19

The V/III ratio of the materials is 40 for the structure growth.
The IRCs formed on the InGaAs surface are observed and

measured using an atomic force microscope (AFM; Park
Systems Instrument Co., Ltd., Model XE100). The result is
shown in Figure 1b, in which the clusters can roughly be

divided into two scales of 150 and 50 nm. Thus, the indium
contents of the local InxGa1−xAs regions corresponding to the
cluster locations are reduced from x = 0.17 down to two
different levels accordingly.
The IRC samples are fabricated in an edge-emitting

configuration with 1.0 mm × 2.0 mm in area here, both facets
of which are used as F−P cavity mirrors without coating for
lasing generation. The reflectivity of the facets are R = 30%. It
is determined by the InGaAs index, as shown in Figure 1c,
where red and gray parts denote the InGaAs active layer and
the layers exclusive of the InGaAs layer, respectively. The
sample is vertically pumped using 808 nm pulsed laser (a
product of Beijing Laserwave Optoelectronics Technology Co.
Ltd., Model LWIRL808-40W-F) with a pulse width of 20 ms
under the room temperature of 300 K. The use of pulsed laser
is to avoid the thermal effect. The experimental setup for the
measurement of photoluminescence (PL) and dual-wavelength
lasing is described in Figure 2, in which a linear polarizer P and

Figure 1. (a) Laser structure and fundamental principle of the IRC formation, in which AlGaAs is the waveguide layer. (b) IRC structure
photograph from an AFM. (c) Edge-emitting IRC laser configuration, where the red part is the InGaAs active layer and the gray parts are all the
layers exclusive of the InGaAs active layer, as shown in (a).

Figure 2. Experimental setup for PL and dual-wavelength lasing
measurement from the facets of the sample.
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two lenses of L1 and L2 are used for collection of the emissions
in different polarization modes from the facets of the sample.
The signals are detected using a spectrometer (Ocean Optical
Co. Inc., HR4000CG-UV-NIR) coupled with a fiber. In order
to measure PL spectra of the IRC laser structure, the sample is
coated with a transmittance of 99.99% at one end and
uncoated at the other end in experiment.
The theoretical analysis points out that the lasing

mechanism of the IRC laser structure is quite different from
that of the conventional quantum well/dot lasers and the
previous cluster lasers. First, the stimulated emission does not
come from the IRCs. Instead, it comes from all the InGaAs
regions, which have various sizes and indium contents due to
the IRC effect. Since the IRCs consist of indium atoms or InAs
rather than InGaAs compounds, these IRCs do not contribute
to the emissions ranging in 850−1050 nm. This is because the
unstrained InAs compound has the band gap of 0.35 eV, which
is corresponding to the emission wavelength of 3.5 μm. Also,
the compressively strained InAs/GaAs quantum dots produce
the emission at the peak wavelength of 1.3 μm due to a large
lattice mismatch.20,21 The clusters’ role in the IRC laser
structure is the nonuniform reduction of Indium content of the
InxGa1−xAs compound to form many discrete and indium-
reduced InGaAs regions. These regions, together with the
unaffected InGaAs part, constitute the whole active layer.

■ RESULTS AND ANALYSIS
Figure 3 analyzes the measured PL spectrum from the IRC
sample. The injection energy is 112.4 mJ. Three peaks are

observed in the measured PL spectrum, in which two extra
peaks appear due to the emissions from the In0.15Ga0.85As and
In0.12Ga0.88As regions.22 With the Gaussian simulation, it is
found that the combination of three Gaussian spectra with
peaks at 980, 970, and 930 nm is exactly identical to the
experimental PL spectrum. It indicates that these three
Gaussian spectra describe the PL emissions from the
In0.17Ga0.83As, In0.15Ga0.85As and In0.12Ga0.88As materials,
respectively, where the PL intensities at 980 and 970 nm are
nearly equal to each other. This unusual result offers a chance
on achieving synchronous dual-wavelength lasing with a simple
F−P cavity. This is further verified by subsequent measure-
ment and analysis of the gain and lasing spectra of the sample.
The PL spectra in different polarization modes and dual-
wavelength lasing intensities at 970 and 980 nm with various

injection levels are measured at a room temperature of 300 K.
The results are shown in Figure 4.
Figure 4a shows that the PL intensity is increased more

rapidly at 970 nm than at 980 nm for the TE polarization. This
is because the 970 nm emission is generated due to the carrier
recombination from the higher energy levels in the two sub-
bands formed in In0.17Ga0.83As and In0.15Ga0.85As materials,
respectively, while the 980 nm emission comes from the carrier
recombination at lower energy levels only in the sub-band of
the In0.17Ga0.83As material. Thus, more carriers are contributed
to the 970 nm emission, as the injection is increased.
Eventually, both of the emissions will be saturated when the
sub-bands are fully occupied by carriers. In addition, the 970
and 980 nm emissions come from the carrier recombination
between the first conduction sub-band, C1, and the first
valence sub-band of heavy holes, HH1, in the In0.17Ga0.83As and
In0.15Ga0.85As materials, respectively. Thus, both of the
emissions are in the TE polarization mode. These can be
understood by Figure 5b and are verified by the experimental
results in Figure 4b. In order to understand the mechanism of
the dual-wavelength lasing generated in the IRC laser structure,
the modal gain is measured and analyzed in Figure 5a as well.
The details of the gain measurement approach refer to the
articles.22,23 Also, the special band structure in the IRC laser is
analyzed in Figure 5b.
A special band structure with two different band gaps and

Fermi distributions of the carriers is formed due to the IRC
effect, in which alternate compressive and tensile strains exist,
as shown in Figure 5b. The InxGa1−xAs regions with different
indium contents of x = 0.17, 0.15, and 0.12 result in the step-
like sub-bands or barriers. It looks like a model consisting of
two compressively strained wells, in which inside barriers show
much lower heights than outside barriers for both of the wells.
Thus, both of the wells can obtain the carriers for
recombination when the injection energy is higher than the
inside barrier height. This is the key point to obtain stable
dual-wavelength lasing and different from the classic multiple
well structure, in which all wells have the same barrier heights
so that it is difficult to obtain a stable dual-wavelength lasing
due to the carrier recombination competition. The details of
the dual-wavelength lasing process are described as follows.
The In0.17Ga0.83As sub-band is first filled by carriers, when the
optical injection is at a lower level, because it has the lowest
potential energy or the smallest band gap. Thus, lasing occurs
at 980 nm at first. With the increase of injection, the
In0.15Ga0.85As sub-band and the higher energy levels in the
In0.17Ga0.83As sub-band are filled by carriers, and lasing at 970
nm occurs as well. Since the stimulated emission at 970 nm
comes from the carrier recombination in both In0.17Ga0.83As
and In0.15Ga0.85As sub-bands, but the stimulated emission at
980 nm happens only relating to the In0.17Ga0.83As sub-band,
the lasing intensity is increased more rapidly at 970 nm than at
980 nm with increasing the optical injection. This is verified by
the experimental result in Figure 4b.
In addition, both of the stimulated emissions at 970 and 980

nm come from the compressively strained regions of the
In0.17Ga0.83As and In0.15Ga0.85As materials. Hence, the dual-
wavelength stimulated emissions are in TE polarization mode.
This can be further illustrated with the modal gain, which is
experimentally obtained in Figure 5a, where the threshold gain
of Gth is given by 15.04 cm−1 here. It is distinctly shown that
the effective gain spectrum is the combination of all gains from
different In0.17Ga0.83As, In0.15Ga0.85As, and In0.12Ga0.88As

Figure 3. PL spectrum analysis with the experimental data and
Gaussian simulations for the In0.17Ga0.83As, In0.15Ga0.85As, and
In0.12Ga0.88As materials under a pulsed optical injection of 112.4 mJ.
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regions. Since the maximum peak appears at 980 nm in the TE
gains, lasing occurs at 980 nm with TE mode at first. As the
injection is increased, the gain peak at 970 nm subsequently
appears above the threshold, and lasing at 970 nm with TE
mode is obtained as well. Both of the stimulated emissions are
just corresponding to the two separated compressively strained
sub-bands, as shown in Figure 5b. Thus, lasing with the dual
wavelengths of 970 and 980 nm and TE polarization is
obtained. The other modes, including the TM polarization, fail
to obtain the effective gain due to the mode competition effect.
The input−output characteristics of the dual-wavelength

IRC laser are measured and shown in Figure 6, in which the
total slope efficiency reaches 34.6% and lasing at 980 nm
reaches roll-over at first with a pulse width of 20 ms.
At last, the thermal characteristics of the TE-polarized dual-

wavelength IRC laser are experimentally observed. The result
is shown in Figure 7a. It shows that lasing is more sensitive to
the temperature at 970 nm than at 980 nm, as a faster thermal
attenuation happens at 970 nm. This is because the emission at
970 nm is corresponding to the larger band gap in the
In0.15Ga0.85As material, which will lead to more carriers to
escape from the quantum confined structure. Meanwhile, the
thermal effect also causes lasing wavelengths to move to the
long wavelength direction, as shown in Figure 7. This is
because heating makes the band gap of the material to become
smaller.24,25 Figure 7b shows that the 980 and 970 nm
emissions have slightly different thermal-shifting rates of 0.32
and 0.275 nm·K−1, because heating-induced band gap variation

is associated with the indium content in the InxGa1−xAs
material.26

■ CONCLUSIONS
In summary, a novel InGaAs-based quantum confined IRC
laser with TE-polarized dual-wavelength output is first
proposed and realized. The monolithic laser structure is
constructed based on the IRC effect, which can generate the
asymmetric distribution and various sizes of IRCs due to the
high strain formed within the InGaAs/GaAs material system.
These irregular IRCs lead to multiple discrete InGaAs active

Figure 4. (a) Measured PL spectra in TE and transverse magnetic (TM) polarizations with various optical injections. (b) TE-polarized lasing
intensities at 970 and 980 nm with various optical injections.

Figure 5. (a) TE and TM modal gains from various optical injections. (b) Special band structure with different sub-bands and band gaps due to
compressive and tensile strains in the IRC laser.

Figure 6. Input−output characteristics of the polarized dual-
wavelength InGaAs/GaAs IRC laser.
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regions, which have different Indium contents reduced and
strains. Unlike the conventional quantum well/dot lasers, this
special IRC structure leads to a complex band structure
suitable for the TE-polarized dual-wavelength lasing gener-
ation. This is associated with independent carrier transitions
and stimulated emissions from multiple InGaAs active regions
with different Indium contents. The sample uses InGaAs/
GaAs/GaAsP as the kernel of the laser medium with an edge-
emitting configuration, both facets of which are used as F−P
cavity mirrors. The experiment shows that the dual wave-
lengths of 970 and 980 nm of lasing are observed with the total
energy of 20 mJ in TE polarization mode from the optical
injection of 118 mJ at room temperature. The result is of great
significance in the development of new types of monolithic and
polarized dual-wavelength lasers.
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