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Abstract The paper deals with a theoretical insight into the various characteristics of a 0.89 pum
Alg 15Ing22Gag g3AS/GaAs strained single quantum well based Graded Index (GRIN) - separate confinement lasing
nano-heterostructure. Major emphasis has been laid on the optical and modal gain. Both these gain have been
simulated with respect to lasing wavelength, photon energy and current density. In this paper, we have also drawn a
comparative picture of the two polarization modes i.e Transverse Electric (TE) and Transverse Magnetic (TM). The
maximum optical gain has been observed to be 5557.18 cm™ at the lasing wavelength ~ 0.90 um and photonic
energy ~ 1.36 eV in TE mode and it is only 2760.70 cm™ at the lasing wavelength ~ 0.78 pm and at photonic energy
~1.58 eV in TM mode. However, the maximum modal gain has been observed to be 54.65 cm™ in TE mode and it
is 27.16 cm™ in TM mode at the same lasing wavelengths and photonic energies respectively at 298 K. The behavior
of quasi Fermi levels for the conduction band and valence band has also been studied. Other important parameters
like gain compression, differential gain and refractive index profile have also been simulated with respect to carrier
density. Anti-guiding factor has been plotted against current density to observe its behavior in order to support the
explanation of optical gain simulated.
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1. Introduction

Separate-confinement heterostructures (SCH) have
been used in quantum well based nano heterostructures for
quite some time now [1]. Although, the GRIN-SCH
architecture has advanced with the use of quaternary
alloys like Zn:Mg;,SSe which imposes photon
confinement but some difficulties which concern its
synthesis and p-type doping are still encountered [2].
GRIN-SCH lasers based on I11-V compounds, operating in
the red-infrared region of the EM spectrum have already
been realized [3]. Laser structures, with either parabolic or
linearly graded compositional profile alloys for the
confinement of carriers and the optical mode using 11-V
semiconductors has already been successfully implemented.
These designs have enabled the lasers to operate at lower
current threshold [4,5,6,7]. However, owing to their cubic
symmetry, polarization-enhanced doping is not present in
the compositionally graded wave guiding layers of the
GRIN-SCHs based on IlI-V semiconducting material.
Yong et al. have studied the material gain in 1.3 pum
quantum well InGaAsP, AlGalnAs and InGaAsN lasers

[8]. Optical gain and valence effective masses in
InGaAlAs and InGaAsP quantum well lasers under
compressive strain have been calculated along with
refractive index change [9]. Carsten et al. presented that
the band gap of QWSs can be engineered by varying the
composition and changing the well thickness [10]. Lal et
al. have simulated lasing characteristics along with
material gain for AlIGaAs/GaAs nano-heterostructure with
in TE and TM mode [11].

2. Theoretical Aspects

Referring the refs. [11,12], the optical gain is found to
be inversely proportional to the quantum well width and
depends on quasi Fermi function in the conduction and
valence band, effective refractive index of the structure,
spatial overlap factor, effective mass and Lorentzian
lineshape function. Next, optical confinement factor (I'),
which is an important attribute of lasing heterostructures,
is defined as the fraction of photons in the waveguide
which interact with the active layer material. Mathematically,
it is elaborated in [13] as the fraction of optical power of
mode contained in the active quantum well layer as;
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where w is the width of the quantum well (active region),
£(z) is the intensity of electric field in z direction. We

always try to optimize this factor for a better lasing
structure in order to calculate the mode gain. Researchers
have already proposed two methods to increase this
quantity. The first is by finely increasing the well width
below its critical value. This preserves the advantages of a
quasi-2D system while demonstrating a three-dimensional
(3D) behavior. The second one and the commonly used
strategy is to use SCH. In SCH structures, the optical
confinement of the photons is obtained by depositing
layers of high-index materials at an optimized distance of
the quantum well. Since this architectural implementation
involves alloy compounds, carriers get trapped, because of
local potential fluctuations which impact their efficiency
of injection. So, an alternative and better design was
proposed which was better suited for both the photon
confinement and the carrier injection. It was termed the
graded-index separate-confinement heterostructure
(GRIN-SCH). In this architecture, the cladding layers
have simultaneously graded refractive index and band
gaps. As the carriers flow down along the graded index
slopes surrounding the quantum-well layer, as shown in
Figure 1, it enables easy collection of carriers in the
quantum well.
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Figure 1. Graded Index profile of a lasing nano-heterostructure.

Modal Gain, denoted as Gy (J), is yet another
fundamental  characteristic of lasing action in
heterostructures and is obtained by multiplying optical
gain with the confinement factor and it is given as ;

G, (J)=TG(J) 2

where G (J) is the optical gain and T" is the optical
confinement factor given in (1). For a single quantum well
(SQW), the modal gain is a function of current density [9]
and is expressed as;

G, (9) :FGO(J)[In(JiJJrl} (3)
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where Gy(J) is the optimum gain. The modal gain for
multiple quantum wells MQW is equal to ‘n’ times the
modal gain for a SQW where ‘n’ is the number of
quantum wells as given as;

nrG(J) = nFGO(J){In (£J+l} (4)
nJ,
In terms of transparency current density, the modal gain
for multiple quantum wells can be modified as;

0

nrG(J) = nFGO(J)|:In [iﬂ (5)
nJ

Lasing action takes place only when the modal gain
overcomes the total loss. The required threshold modal
gain condition for lasing is expressed as;

RR,exp[ 2L(n[G(J))-a; |=1 (6)

The threshold modal gain, Gy, (J),can be expressed as;

1 1
G,(J)=nrG(J) =g, +Z{In[R1R2 ﬂ =q;+a, (7)

where L is the length of the cavity, o; is the internal
optical loss, ay, is the mirror loss which accounts for the
transmission losses at both facets, R; and R, are the
reflection coefficients of the two side mirror. The internal
loss is a material parameter based on the semiconductor
used. The threshold current density is defined as the
minimum current required for lasing operation and is
defined as;

th = “tr
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where G'(J) is the differential gain which is defined as

material gain per unit current density. Next, the important
quantity which describes the behavior of optical gain in
the structure is the anti-guiding factor o and is defined as;

B 4z (—dn/dN)
~ A(dG/dN)
where (-dn/dN) and (dG/dN) are the differential refractive

index and the differential gain of the heterostructure
respectively.

9

3. Device Structure

The model is proposed to have a single quantum well of
width 60 A of quaternary compound Alg5Ing2,Gag gsAS
sandwiched between the 50 A thick graded barrier layers
of Aly,GagsAs followed by a cladding of GaAs of 100 A
on a GaAs substrate. The very reason for selecting
Alg15Ing2»Gagg3As layer as a QW in this model is its
better material gain, higher refractive index, and higher
conduction band discontinuity. Addition of Al increases
the band gap energy resulting in the reduced emission
wavelength. The resulting quaternary strained QW lasers
can operate over a very wide range of wavelengths
depending on In and Al compositions [14]. Because of its
wide band gap, pure GaAs is highly resistive and when
combined with the high dielectric constant it makes GaAs
a very good electrical substrate which provides natural
isolation between devices and circuits. It has been used to
produce (near-infrared) laser diodes since 1962 [15].
Because of almost same lattice constant of GaAs and
AlAs the layers have very little induced strain, which
allows them to be grown almost arbitrarily thick. It has
already been reported that if the active region is grown
under Ga-rich conditions assist the development of deep
band structure potential fluctuations which ultimately
boosts up carrier injection [16,17,18,19,20]. Since the
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band-structure potential fluctuations result in localization
of the injected excitons even at room temperature, their
diffusion and non-radiative recombination is prevented at
extended and point defects. As discussed in Refs.
[16,17,18,19,20] quantum wells and LEDs with internal
quantum efficiency as high as 70 % have already been
reported [20].

4. Results and Discussion

To find the envelope functions and corresponding
energy states in conduction band of the quantum well, a
single effective mass equation has been solved, while for
valence band functions the Kohn-Luttinger Hamiltonian
equations have been solved. For detailed theory, the
references [12,21,22,23] can be referred. For the GRIN-
SCH heterostructure, we plot the amplitude of the envelop
functions for conduction band (Figure 2), valence band
heavy hole (Figure 3) and light hole (Figure 4). From
Figure 2, it can be been observed that there is a strong
confinement of electrons associated with first energy
(CB1) state as compare to the other energy states. Form
Figure 3 and 4, it can be seen that the heavy holes
associated with second energy state (HH2) are strongly
confined as compared to the heavy hole associated with
first state, while the light hole belonging to first energy
state is strongly confined in the center position of the well
as compared with the light hole associated with the second one.
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Figure 2. Envelope functions for conduction band.
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Figure 3. Envelope functions for sub-valence band (heavy holes)
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Figure 4. Envelope functions for sub-valence band (light holes)
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Figure 5. Quasi-Fermi levels as a function of carrier density in the
conduction band
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Figure 6. Quasi-Fermi levels as a function of carrier density in the
valence band

Quasi-Fermi level, in a semiconductor, describe the
population density of electrons and holes separately when
their population density is displaced from the condition of
equilibrium. In the study of material gain, the knowledge
of behavior of quasi-Fermi level plays an important role.
These quasi-Fermi-levels of electrons and holes in the
respective bands in a quantum well are calculated during
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photoluminescence under non-equilibrium condition [24].
The behavior of quasi-Fermi levels as a function of carrier
density in the conduction and valence bands have been
shown in Figure 5 and Figure 6 respectively for the active
layer of Alg15Ing2,Gage3AS as a quantum well in the nano-
heterostructure.
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Figure 7. Optical Gain as a function of Lasing wavelength in TE and TM
mode
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Figure 8. Mode Gain as a function of lasing wavelength in TE and TM
mode
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Figure 9. Behaviour of optical gain as a function of photon energy
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Figure 10. Behaviour of mode gain as a function of photon energy
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Figure 11. Optical gain as a function of current density

Figure 7 and Figure 8 shows the plot of optical gain
versus lasing wavelength and modal gain versus lasing
wavelength in both the polarization modes respectively.
Here it is noteworthy that TE mode has better gain
characteristics than TM mode. The maximum optical gain
has been observed to be 5557.18 cm™ at the lasing
wavelength ~ 0.90 um and photonic energy ~ 1.36 eV in
TE mode and it is only ~ 2760.70 cm™ at the lasing
wavelength ~ 0.78 um and at photonic energy ~ 1.58 eV
in TM mode. The maximum modal gain has been
observed to be 54.65 cm™ in TE mode and it is 27.16 cm™
in TM mode at the same lasing wavelengths and photonic
energies respectively. Also, there are two peaks in TE
mode which may be attributed to transitions involving
between electrons occupying first energy state and first
heavy holes and light holes. Heavy holes do not create
much impact in TM mode and hence we have a single
peak. Figure 9 and Figure 10 shows the plot of optical gain
versus photon energy and modal gain versus photon
energy in both TE and TM modes. If we plot the material
or optical gain versus current density, we observe a
parabolic increase, as in Figure 11, for initial values of the
current density but it saturates afterwards indicating very
small or negligible increase in gain with change in current
density.

We observe the same trend when modal gain is plotted
with respect to current density as shown in Figure 12.
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When the behavior of anti-guiding factor is observed with
current density (Figure 13), we note a steady growth as
expected from eq. (9). Carriers have a unique role to play
as far as refractive index is concerned. Hence Figure 14
plots the change in refractive index profile for the two
modes when it is plotted against number of carriers.
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Figure 12. Modal gain as a function of current density

larger in TM mode than in TE mode as shown in Figure 15.
Gain cannot be independent of the high power densities
found in semiconductor lasers. Spatial hole burning and
spectral hole burning are the two known phenomena
which cause the gain to ‘compress’. Both depend on
optical power. Spatial hole burning occurs as a result of
the standing wave nature of the optical modes. Increasing
the lasing power means that the stimulated recombination
time becomes shorter. Carriers are therefore depleted
faster causing a decrease in the modal gain; while spectral
hole burning is attributed to the broadening of gain profile.
In Figure 16, we have plotted gain compression in TE
mode against carrier density.
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Figure 15. Plot of differential gain as a function of carrier density
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Figure 13. Anti-guiding factor as a function of current density
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Figure 14. Refractive index profile for the TE and TM modes

Differential gain has been plotted with respect to carrier
density in both modes and it is found that the variation is
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Figure 16. Gain compression plotted as a function of carrier density

5. Conclusion

We have studied various characteristics of
Alg 151ng 2,Gag g3AS/GaAs strained single quantum well
based Graded Index (GRIN) - separate confinement lasing
nano-heterostructure. For the structure, the maximum
optical gain has been observed to be 5557.18 cm™ at the
lasing wavelength ~ 0.90 pm and photonic energy ~ 1.36
eV in TE mode and it is only 2760.70 cm™ at the lasing
wavelength ~ 0.78 um and at photonic energy ~ 1.58 eV
in TM mode. The maximum modal gain has been
observed to be 54.65 cm™ in TE mode and it is 27.16 cm™
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in TM mode at the same lasing wavelengths and photonic
energies respectively. The observed gain shows the
usefulness of the structure in NIR region.
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