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Abstract
In this article, we have computationally analyzed the Type-I InGaAsN/GaAs (dilute N) material system based step-index
separately confined heterostructure (STINSCH) consisting of a compressively strained single quantum well layer. The
whole structure is assumed to be grown on GaAs substrate. The optical gain spectra have been calculated and compared
for single quantum well structure for the two different carrier densities under TE and TM polarization modes at room
temperature. The size of the STINSCH based nano-scale heterostructure taken as a whole including SQW together with
barriers and claddings is 47nm. In order to validate the computed optical gain, the anti-guiding factor has also been
evaluated for the same nano-heterostructure. The GAIN software package has been utilized to obtain the various lasing
properties like optical gain, modal gain, and anti-guiding factor. Therefore, this lasing nano-heterostructure may found
application in optical fiber communication systems as a light source because of less attenuation and minimum optical
loss. Copyright © 2018 VBRI Press.
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Introduction
A most recent challenge for semiconductor devices is to
develop advanced materials for the next generation of
optical fiber communication systems. Recently,
extensive research has discovered that an introduction
of only a small percentage of nitrogen into III-V
compound semiconductor lattice leads to a dramatic
band gap reduction. This invention has opened the
opportunity of utilizing these material systems for
making semiconductor laser of desired wavelength
range [1-4]. It is most of the time found beneficial to
have electronic energy band gap engineering in several
solid-state device applications, such as transistors, solar
cells and semiconductor lasers. A heterojunction is an
interface that occurs between two layers of unequal
bandgap semiconducting materials. The combination of
several heterojunctions collectively in a device is called
a heterostructure. In 1963, a prominent scientist Herbert
Kroemer recommended that population inversion could
be greatly increased by including heterostructure in
semiconductor lasers [5]. For producing more effective
lasing action, a unique technique utilizes to make an
especially thin active region (in 4nm-20nm range) [6,
7]. Those devices are called QW laser diodes. The
major benefits of the quantum well based
semiconductor laser are better output beam
confinement, more efficient current-to-light conversion
efficiency, the ability to emit a variety of wavelengths.
Copyright © 2018 VBRI Press

These benefits of quantum well structure drastically
lessen the threshold current and enhance the possibility
of varying emitting wavelengths by just changing the
active layer thickness [8]. Quantum well based
semiconductor lasers are existing with the following
configurations, on the basis of quantum well numbers
such as Single quantum well (SQW), Multiple quantum
well (MQW) and on the basis of refractive index profile
such as Step index separate confinement heterostructure
(STINSCH), Graded index separate confinement
heterostructure (GRINSCH). The new GaInNAs
material attracts researcher most to overcome the poor
temperature characteristics of usual long-wavelength
laser diodes utilized for optical fiber communication
systems [9]. Yong et. al. have thoroughly studied the
optical gain of three different challenging active layer
materials, i.e. InGaAsN–GaAs, AlGaInAs–AlGaInAs,
and InGaAsP–InGaAsP [10]. Tomic et. al. have
compared the gain properties of a standard
InGaAsN/GaAs quantum well laser structure radiating
at 1.3 µm with the similar N-free InGaAs/GaAs
structure [11]. The room temperature CW operation of
a GaInNAs–GaAs SQW laser diode with broad stripe
geometry has already been demonstrated [12].
GaInNAs based dilute nitride lasers are considered to
be promising light sources for upcoming optical
fiber communication systems radiating at 1.3μm
wavelength [13].
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Structural and theoretical details
The suggested SCH based lasing nano-heterostructure
comprises of a QW layer of InyGa1-yAsxN1-x material
having a thickness of 70 A˚, are placed between two
wide bandgap barrier layers of GaAs material having a
thickness of 100 A˚ followed by cladding layers of
Al0.4Ga0.6As material of 100 A˚ thickness. Clearly, the
quantum well layer bandgap is narrower as compared to
that of barrier region and barrier layer bandgap is
narrower as compared to that of the cladding region.
The schematic layer and band energy diagrams of a
normal five layer lasing nano-heterostructure which
consists of an SQW layer, two SCH layers, and two
cladding layers for laser structure of InGaAsN/GaAs
(Dilute N) material system can be seen in Fig.1. The
prime aim of adding the cladding regions in the
structure is to more effective light confinement as well
as to lessen the series resistance so as to optimize the
electrical and thermal resistivity in the proposed
structure.
A 2% compressively strained single quantum well
layer based semiconductor laser with a ridge width of
20μm and ridge length of 1000μm is simulated by
utilizing GAIN software package. The strain amount is
chosen in such a way to limit the level of energy
bandgap in order to emit light in the desired wavelength
range.
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E: Optical energy
 o : Vacuum permittivity
c : Speed of light in vacuum
neff

: Effective refractive index

W : Quantum well width

i, j: Conduction and valence band quantum numbers

mr ,ij
Cij
Aij

: The reduced effective mass

: The overlap factor
: The anisotropic factor

f c , f v : Fermi-Dirac distribution of the conduction and
valence bands.
L(E ) : Lorentzian lineshape function
Subsequently, an anti-guiding factor (𝛼) which is a
very important parameter and plays a very vital role in
the heterostructure. It is calculated as
𝛼=−

4𝜋𝑛′
𝜆𝐺′

where 𝐺′ and 𝑛′ are defined as 𝑑𝐺⁄𝑑𝑁 (differential
gain) and 𝑑𝑛⁄𝑑𝑁 (differential refractive index change),
respectively [6, 7, 14].

Results and discussion
Optical gain as a function of lasing wavelength and
photon energy in TE polarization mode for two
different carrier concentrations of 2×1018/cm3 and
3×1018/cm3 have been investigated for the
aforementioned lasing nano-heterostructure shown in
Fig. 2.

Fig. 1. Schematic (a) layer and (b) energy band diagrams.

The coefficient of optical gain for any material
system varies with the photon energy and is expressed
as follows:
G( E ' ) 

q2 M B

2

E ' o mocneff W

Egb

 m

r , ij

i, j

Cij Aij  f c  (1  f v )L( E )dE
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where
q: Charge on an electron

MB

2

: Bulk momentum matrix element
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Fig. 2. Optical gain as a function of (a) wavelength (b) photon energy
in TE polarization mode.
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Modal gain as a function of lasing wavelength and
photon energy in TE polarization mode for two
different carrier concentrations of 2×1018/cm3 and
3×1018/cm3 have been thoroughly investigated as shown
in Fig. 3.
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Optical gain as a function of lasing wavelength and
photon energy in TM polarization mode for two
different carrier concentrations of 2×1018/cm3 and
3×1018/cm3 have been explored as shown in Fig. 4.
Modal gain as a function of lasing wavelength and
photon energy in TM polarization mode for two
different carrier concentrations of 2×1018/cm3 and
3×1018/cm3 have been thoroughly analyzed as shown in
Fig. 5.

Fig. 3. Modal gain as a function of (a) wavelength (b) photon energy
in TE polarization mode.

Fig. 5. Modal gain as a function of (a) wavelength (b) photon energy
in TM polarization mode.

Fig. 6. Anti-guiding factor as a function of current density.

Fig. 4. Optical gain as a function of (a) wavelength (b) photon energy
in TM polarization mode.
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The overall maximum optical gain of ~2800/cm is
achieved at carrier concentration of 3×1018/cm3 in TE
polarization mode. The simulations results agree well
with the published experimental data. The anti-guiding
factor has also been determined and is observed in
between the range of 1.42 and 2.5 in TE mode of
polarization .& in between 1.38 and 2.35 in TM mode
of polarization as shown in Fig. 6.
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Conclusion
The optical gain of TypeI InGaAsN/GaAs (Dilute N)
based lasing nano-heterostructure on GaAs substrate
has been theoretically studied under TE and TM
polarization modes. The overall peak optical gain of
~2800/cm is obtained at ~1.15μm wavelength
corresponding to the photonic energy of ~1.1eV at the
carrier density of 3.0×1018 /cm3 in TE polarization
mode at room temperature. However, the obtained peak
optical gain for Type-I InGaAsN/GaAs(Dilute N) based
lasing nano-heterostructure in TE polarization mode is
found larger as compared to that in TM polarization
mode at the same carrier density. Therefore, the Type-I
InGaAsN/GaAs(Dilute N) based lasing nanoheterostructure with the overall structural size of 47nm
including 7nm well width may found application in the
area of optical fiber communication systems as a light
source.
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