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Design Analysis of 1550-nm GaAsSb–(In)GaAsN
Type-II Quantum-Well Laser Active Regions

Nelson Tansu and Luke J. Mawst, Senior Member, IEEE

Abstract—A novel active region design is proposed to achieve
long-wavelength ( = 1550-nm) diode lasers based on a type-II
quantum-well (QW) design of (In)GaAsN–GaAsSb grown on a
GaAs substrate. The strain-compensated structures hold potential
as an ideal active region for 1500-nm GaAs-based vertical cavity
surface emitting lasers. A design analysis and optimization of
1550-nm emitting structures is presented. An optimal type-II mul-
tiple-QW design allows for electron-hole wavefunction overlaps
of greater than 50%.

Index Terms—Diode lasers, epitaxial growth, GaAsN quantum
well, GaAsSb quantum well, InGaAsN quantum well, long-wave-
length lasers, strain, type-II quantum-well lasers, vertical cavity
lasers.

I. INTRODUCTION

I nP-BASED vertical cavity surface emitting lasers (VCSELs)
emitting in the 1.55-m wavelength region have been de-

veloped based on the technologies of wafer-bonding distributed
Bragg reflectors (DBRs) [1], metamorphic DBRs [2], Sb-based
DBRs [3], dielectric DBRs [4], and air/semiconductor DBRs [5].
Due to the sophisticated and challenging fabrication processes
involved, the lasing performance of InP-based VCSELs are
typically inferior to those of GaAs-based (shorter wavelength)
VCSELs and InP-based edge-emitting lasers. The conventional
active region for achieving 1.55-m wavelength operation is
based on InGaAs- or InGaAsP-multiple quantum wells (MQWs)
on an InP-substrate [6]. Unfortunately, these lasers are highly
temperature sensitive [6], due to several factors including Auger
recombination, carrier leakage processes, intervalence band ab-
sorption (IVBA), and a strong temperature dependence of the
material gain. The temperature-sensitive active regionand the
difficulty in forming high-quality DBRs on InP substrates has
led to the exploration of alternate active layer materials to
achieve 1550-nm emission using GaAs substrates.

Although high-performance InGaAsN-active quantum well
(QW) lasers using GaAs substrates have been realized with
emission wavelengths in the range of 1300–1380 nm [7]–[9],
high-performance 1550-nm InGaAsN QW lasers are still
difficult to realize with low threshold current density [10].
Aside from the efforts in InGaAsN technology, there have
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been several efforts in extending the emission wavelength
on GaAs substrates utilizing highly strained InGaAsN(Sb)
QWs [11] and InGaAs–GaAsSb type-II QWs [12]. While
preliminary results are encouraging, the InGaAsN(Sb) QW
and the InGaAs–GaAsSb type-II QW lasers are still in an
early stage of development, making it difficult ascertain their
potential for high-performance in the 1550-nm wavelength
regime. Furthermore, extending the wavelengths beyond 1.55

m with these technologies is very challenging, due to the
requirement for an excessively large strain of the QW. New
active layer materials are needed to achieve longer-wavelength
device performances surpassing those of conventional InP- and
GaSb-based lasers.

Here, we propose an alternative method to achieve 1.55-m
emission on a GaAs substrate, based on a novel design con-
sisting of (In)GaAsN–GaAsSb type-II multiple-quantum-wells
(MQWs) utilizing the modified “W”-shape transition [12],
[13]. The proposed structure has significant advantages over
previous type-II QW structures on GaAs substrates [12],
including built-in strain-compensation, strong carrier-con-
finement, and large electron-hole overlap. A preliminary
design analysis indicates that a MQW structure can provide
electron-hole wavefunction overlaps of greater than 50% for
structures emitting at 1500-nm, significantly higher than previ-
ously reported 1300–1500 nm type-II QW designs (37.6% for
1357-nm emitting structures, see [12]). The proposed design
has strong potential for realizing high-performance monolithic
GaAs-based VCSELs in the 1.55-m wavelength regime.

II. DESIGN OF“ZIG-ZAG” GaAsN–GaAsSB TYPE-II QW

A schematic energy band diagram of the so-called “zig-zag”
design, as shown in Fig. 1, is based on the modified W-shape
transition [12], [13]. The electron wells consist of GaAsN layers
and the hole wells consist of GaAsSb layers. The arrangement
of this design is made possible due to the large disparity of
the band lineup of the GaAsN and GaAsSb compounds with
that of GaAs. As shown by Wuet al. [14], GaAsN has a weak
type-II band lineup with a very small negative valence band
offset ( ) of 20 meV/%N. The weak type-II band lineup near
the valence band of the GaAsN–GaAs, results in a large con-
duction band offset ( ). We employ the model solid theory
[15], which has been previously employed by several groups
[12], [13], [16] in determining the band edge of the GaAsSb.
As shown by Liuet al. [16], GaAsSb–GaAs has a large type-II
band lineup in the conduction band, which results in the large
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Fig. 1. Schematic energy band diagram of “zig-zag” GaAsN–GaAsSb type-II
QWs with multiple stages.

Indium may also be added to the GaAsN layers to opti-
mize the design. The potential advantages of the InGaAsN
electron-QW is the smaller electron effective mass for the
InGaAsN QW in comparison to that of GaAsN, allowing
for increased spreading of the electron wavefunction (i.e.,
improved electron-hole wavefunction overlap). Lower effective
electron mass typically also leads to a reduction in transparency
carrier density. For simplicity, the analysis presented here will
only focus on the design for GaAsSb–GaAsN laser structures.

One of the advantages of the “zig-zag” structure based on the
tensile-strained GaAsN and compressively strained GaAsSb,
compared with previous type-II designs at near 1.3–1.55m
[11] is the possibility of partial-strain compensation, allowing
the growth of multiple “zig-zag” QW stages, to achieve the
necessary optical gain in the laser device design. Another
design advantage is the strong carrier confinement, both for
the electrons and holes in their respective wells. The elec-
trons are confined in the GaAsN electron-QWs, sandwiched
with large of GaAs and GaAsSb. The holes in GaAsSb
hole-QWs, are confined by the large of GaAsSb and
GaAsN ( – meV). The “zig-zag” design of the
GaAsN–GaAsSb QWs, has the potential for high-temperature
and high-output-power laser operation as a result of the strong
carrier confinement and the potential for reduced Auger
recombination in the type-II structures [17].

In principle, the proposed design of the GaAsN–GaAsSb
type-II QWs can be extended to longer wavelengths
( m). The resulting emission wavelength based on the
calculated transitional energy levels including strain effects
and themaximumquantum confinement effect (to illustrate the
worst-case scenario) for the case of GaAsN–GaAsSb–GaAsN,
with 40 Å thickness for each individual layer, is shown in
Fig. 2. The utilization of higher N and Sb content in the GaAsN
or GaAsSb results in a smaller transition energy. A larger N
content in the GaAsN will lower the electron-confined energy
level. Likewise, larger Sb content in the GaAsSb, results in
a higher confined-hole energy level. As shown in Fig. 2, the
design utilizing GaAs N –GaAs Sb , results in an
emission wavelength up to 2m. The extension of the emission
wavelength into the 3–4m wavelength regions is also possible

Fig. 2. Calculated emission wavelength of the GaAsN–GaAsSb–GaAs
type-II QW with 40-Å individual well thickness, for various Sb and N content,
including the strain effect and maximum quantum confinement effect.

due to the strain-compensating effect of the GaAsN–GaAsSb
structure. For example, structures utilizing GaAs N
and GaAs Sb result in emission wavelengths up to 3

m. In principle, the electron and hole confinement in the QWs
should improve as the emission wavelength is extended due to
the increased and for the higher N and Sb structures,
although a penalty of reduced electron-hole wavefunctions
overlap will occur at longer wavelengths.

III. D ESIGN OPTIMIZATION FOR EMISSION WAVELENGTH

AT 1500-nm

In designing the “zig-zag” GaAsN–GaAsSb active region for
1.5- m wavelength emission, we try to choose the composition
of GaAsN with minimum N-content, and GaAsSb with a reason-
able strain value. The N-content for the GaAsN is chosen to be
approximately 1.5%–2.5%. The Sb content of the GaAsSb de-
sign ranges from 30%–40%, which corresponds to 2.3%–3.0%
compressive strain. The GaAsSb, with 30%–40% Sb content,
should easily be realized without strain relaxation in the QW
system, due to the thin dimension (25–35 Å) of the GaAsSb and
the strain compensating effect of the GaAsN-electron wells. The
compositions of the GaAsN and GaAsSb are determined from
the calculations of the transitional energy taking into account
of the strain effect and the quantum confinement effect. The pa-
rameters for the GaAsSb and GaAsN material systems are taken
following the treatments presented by Liu et al. [16] and Chow
et al. [18], respectively. The quantum-confined energy levels are
calculated by utilizing an effective mass approximation with a
propagation matrix approach for multiple layer heterostructures
[19]. By utilizing this method, normalized wavefunctions for
both the electrons and holes are obtained. Obviously, a large
overlap of the electron- and hole-wavefunctions is desirable for
a large transitional matrix element and high material gain. Cal-
culations utilizing a full (10-band ) bandstructure confirm
reasonable agreement of the electron-hole wavefunction overlap
values with the effective mass approximation results presented
here [20].

In selecting the possible combinations of composition for the
GaAsN and GaAsSb to achieve 1.5-m emission wavelengths,
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Fig. 3. Single-stage GaAsN–GaAsSb type-II QW laser, illustrating the
respective hole energy band edge for GaAsN and GaAsSb.

(a)

(b)

Fig. 4. Comparison of the hole-wavefunction and electron-hole wavefunction
overlap for (a) light hole-heavy hole-light hole configuration and (b) the heavy
hole/heavy hole/heavy hole configuration.

we consider first the “zig-zag” QW system with only a single
stage, as shown in Fig. 3. The coupling of the wave-functions,
primarily in the conduction bands (due to the smaller effective
mass of the electrons) in multiple stages, results only in avery
slightmodification of the emission wavelength, as shown below.

Since the proposed type-II QW design consists of a compres-
sively strain GaAsSb and a tensile-strain GaAsN, the lowest
energy band edge for hole-confinement consists of heavy-hole
in the GaAsSb well and light-hole in the GaAsN barriers. The
light-hole barriers leads to an increased spreading of the hole

Fig. 5. Electron and hole wavefunctions overlap of a single stage
GaAsN–GaAs Sb –GaAsN QWs (d = 25 Å) as a function of�, with
its corresponding GaAsN composition.

Fig. 6. Compositions of the GaAsN and GaAsSb and their respective electron-
and hole-wavefunction overlap for single (1-stage) QWs of 25 Å/25 Å/25 Å
of GaAs N –GaAs Sb –GaAs N QW systems for� =

1500 nm.

wavefunction, as shown in Fig. 4(a), ultimately improving the
electron-hole wavefunction overlap. In reality, the hole-barrier
consists of a mixture of heavy-hole and light-hole, leading to
less spreading of the hole-wavefunction. The calculations pre-
sented here consider only a heavy-hole barrier in the GaAsN, as
shown in Fig. 4(b), and thus represent a conservative estimate
of the wavefunction spreading and electron-hole overlap.

Various compositions of the GaAsN, with GaAsSb ,
with individual thickness of 25 Å, as a function of the emission
wavelength and the electron- and hole-wavefunction overlap
( - are shown in Fig. 5. The thickness of 25 Å for the in-
dividual layers is taken arbitrarily as an example of the design
space. Even though the - tends to decrease as the emis-
sion wavelength is extended, this single stage “zig-zag” QW
system, at nm, exhibits a high wavefunction overlap
value as large as 48%. These active regions can also be designed
for the 1300-nm wavelength regime with even larger wavefunc-
tion overlap, as large as 58%. Wavefunction overlaps above 37%
are also predicted for an emission wavelength as long as 2m.
However, the discussion here will only be limited to the opti-
mization of the structure for nm.

The choice of the compositions of GaAsN and GaAsSb are
critical in the selection of an optimized active region. As shown
in Fig. 6, various compositions of the 25-Å GaAsSb and 25-Å
GaAsN QWs can be chosen, to achieve an emission wavelength
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(a)

(b)

Fig. 7. Comparison of the hole-wavefunction and electron-hole wavefunction
overlap for 1500-nm GaAs N –GaAs Sb –GaAs N of
(a) single-stage QWs and (b) five-stage QWs.

at 1550 nm. A large Sb-content GaAsSb composition will lead
to minimal required N content to achieve the emission wave-
length of 1.55 m, which is important due to the reduced op-
tical luminescence of higher-N content GaAsN materials. Al-
though minimum N-content is preferred, for high optical lumi-
nescence, the N-content in the GaAsN should be large enough
such that the electron energy level will have sufficiently deep
barriers for strong electron confinement in the electron wells.
A compromise between the N and Sb composition needs to be
considered, by taking into account electron leakage suppression,
strain of the combined QW system, and nonradiative recombi-
nation in GaAsN layers. Therefore, the optimal compositions of
the layers will ultimately need to be experimentally determined.
As shown in Fig. 6, the electron- and hole-wavefunction overlap
values range from 44% to 50% for asingle-stage QW system,
with various compositions of GaAsSb and GaAsN for an emis-
sion wavelength of 1.5 m. This shows that a large wavefunc-
tion overlap, with strong carrier confinement, can be achieved
by selecting the proper composition of Sb and N in the design.

IV. M ULTIPLE “Z IG-ZAG” GaAsSB-GaAsN QW

One of the challenges in designing thetypical type-II QW
systems is the low overlap between the electron wave-functions
( ) and the hole wave-functions (). The hole wave-func-
tions of interest here are the heavy-hole wavefunctions ()

Fig. 8. Electron-hole wavefunction overlap of GaAs N –GaAs
Sb –GaAs N Ws as a function the number of stages, designed for
� = 1500-nm.

of the GaAsSb hole-QWs, since the transitions of the electron
to heavy hole levels are favored due to the compressive strain of
the GaAsSb hole-QW. To achieve a large wavefunction overlap
in a MQW design, strong coupling for the electron wavefunction
should be achieved such that the electron- and hole-wavefunc-
tions exhibit a large amplitude in the GaAsSb region.

To achieve a strong coupling of the QWs, one can reduce the
size of the QWs or implement a multiple-QW design. Reducing
the size of the QWs is not preferable, due to other challenges,
such as increased carrier leakage, reduced carrier capture effi-
ciency, and difficulty in growth. Ideally, in the design of opti-
mized structures, the QWs thickness is preferably above 25 Å
for strong carrier confinement and accurate thickness control in
the MOCVD growth process.

By utilizing the self-strain-compensating mechanism of the
GaAsN–GaAsSb “zig-zag” QW, large wavefunction overlaps
can be achieved, due to the flexibility in implementing a mul-
tiple QW design. As shown in Fig. 7, both the electron- and
hole-wavefunctions of the multiple QW system with five stages
of 25-Å GaAs N –25-Å GaAs Sb exhibits a sig-
nificantly stronger coupling, which leads to a large wavefunc-
tion overlap value of 62%, while preserving reasonable thick
QWs ( Å), as shown in Fig. 8. A 14% increase
of the wavefunction overlap is predicted by utilizing the five-age
QW system compared to that of the single-stage. From a prac-
tical perspective, only three QW stages are sufficient to achieve
large overlap values above 60%.

One potential disadvantage of the multiple “zig-zag” struc-
ture is the reduction of the peak optical gain, as a result of the de-
crease in the density of states [13]; thus, there is a design tradeoff
to achieve the highest optical gain. A strong dispersion along
the growth direction for electrons will reduce primarily the dif-
ferential gain, although some reduction in the optical gain may
also occur. This is due to the fact that the less-peaked density
of states may partially or fully offset the increase in the elec-
tron-hole overlap. In GaSb-based type-II designs, multiple de-
coupled stages have been employed previously to achieve higher
gain than a single stage by maintaining a two-dimensional en-
ergy dispersion relationship [13].
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Fig. 9. � of GaAs N –GaAs Sb –GaAs N QWs for
thickness (d = d = d ) of QWs, with five-stage QWs and designed for
� = 1500 nm.

The other technique to improve the coupling of the wavefunc-
tions is to reduce the thickness of the individual layers of GaAsN
or GaAsSb. In principle, one can vary the thickness of the indi-
vidual layers independent of one another such that high cou-
pling of the wavefunctions can be achieved. Calculations of the
wavefunction overlap for various QW thickness, with
at nm, are shown in Fig. 9. From the calculation, very
thin QW systems of 15–20 Å result in very large wavefunction
overlap up to 84% and 74%, respectively, for the five-stage QW
design.

V. SUMMARY

We propose a novel alternative active region based on
the type-II transition of (In)GaAsN–GaAsSb, with an emis-
sion wavelength ranging from 1.2 to 3m. The proposed
(In)GaAsN–GaAsSb QW active region holds for achieving
the high-performance m GaAs-based edge-emitting
lasers and VCSELs. The unique feature of the proposed design
is that it allows for strong carrier confinement (for low device
temperature sensitivity), large overlap of the electron-hole
wavefunctions (for high optical gain), and the ability to im-
plement strain compensation (for MQW active designs). An
optimum design indicates that 62% electron-hole wavefunction
overlap, for the -nm wavelength regime, is feasible
by utilizing a self-strain compensating strongly coupled MQW
system with a reasonable well thickness, Å.

Although the analysis presented here is limited to the case
for GaAsSb–GaAsN for 1500-nm lasers, the structure can be
easily modified to the GaAsSb–InGaAsN type-II QWs struc-
tures if necessary. The potential advantages of the InGaAsN
electron-QW is the smaller effective electron mass for the In-
GaAsN QW in comparison to that of GaAsN QW. Lower effec-
tive electron mass typically leads to a reduction in the trans-
parency carrier density. The utilization of low In-content In-
GaAsN QWs will allow the flexibility of engineering the QWs
to be either tensile strained, lattice matched, or compressive
strained.
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