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Abstract: A W-shaped type-I1I AlAs/Alg3Ing7As /GaAso.1Sboo lasing nanoscale heterostructure is
designed for near infrared emission. The Luttinger kohn 6*6 model is used to compute wavefunctions,
dispersion, matrix elements and then optical gain. The calculated optical gain for x polarization of
light is found under variable well widths. For injected carrier concentration of 2.5x10'2/cm?, gain of
12560/cm is attained at a wavelength of 1550 nm for 2 nm quantum well width. Such a structure can
be regarded as new because of its high optical gain with low attenuation at 1550 nm, which makes it

useful for optoelectronics.

Keywords: AlAs; AllnAs; GaAsSb; type-II QW heterostructure; dispersion; optical gain; near-

infrared region.

1. Introduction

During the last decade, the type-II quantum well
heterostructures based on III-V semiconductors have been
the subject of extensive research for applications in the
infrared spectrum?. To develop tunable hetero junction
devices, I1I-V semiconductor materials are considered to
be useful materials>®. For optoelectronics, Jain et al.¥
surveyed III-V group elements and heterostructures.
Optronic device performance has dramatically improved
due to the invention of nanoscale heterostructures, novel
materials and their properties, and increased production
capabilities’.  Researchers have found type-II
heterostructures to be particularly appealing, and type-II
band alignment heterostructure are currently in use to
build opto-devices like detectors, LEDs, and lasers®.
Since the transition between optical bands takes place at a
longer wavelength than in type-I heterostructure, these
structures effectively used to create laser diodes that can
operate in near infrared, mid infrared, far infrared
regions”.  Nitride based nano  heterostructure
InGaAsN/GaAs with attractive wavelength of 1.30 um in
infrared region is highly wvalued in fibre optic
communication®. Heterostructures based on I1I-nitride are
widely used to create incredibly powerful infrared lasers®).
To design a particular application-based type-I and type-
II heterostructures, process flow diagram is depicted in
Fig. 1. After applying Hamiltonian model and self-
consistent calculation, sub-band dispersion and envelope
wavefunction calculation performed. Hence, to achieve

high optical gain, analyse dipole transition and movement
matrix element then optimize optical gain. Optical gain
can check at different parameters such as variable
temperature, variable well width, external electric field,
uniaxial strain etc.

Recently, InGaAs/GaAsSb type-II heterostructure
designed by Nirmal et al.'” and achieved the gain of 9000
/em (1.95 pm) in short wave infrared region. Pan et al.
designed and modelled type-II InAlAs/InGaAs/GaAsSb
heterostructure at InP substrate for mid infrared laser
applications'”. Khan et al. presented InAlAs/InGaAs/
GaAsSb type-II heterostructure for 2nm quantum well
width and obtained high gain of 6000/cm at 1.55 pm
wavelength (0.80eV) in NIR region'?. Optical gain for
InGaAs/InGaAlAs QW heterostructure is presented for
thin quantum well width of 3.2 nm and achieved gain of
11/cm in near infrared (1550 nm) region by Novikov et
al.'». The type-1 AlGaAs/GaAsP heterostructure is
investigated under various electric field and find
applications in the range of 708 nm to 826 nm (NIR
region) by Singh et al.'¥. Comprehending the optical
properties of semiconductor optronic devices is crucial.
The Sb element based heterostructures for infrared region
under different conditions like variable well width, under
electric field and uniaxial strain, variable temperature etc.
have been discussed in detail by Chaudhary et al.!>. The
band gap tailoring is crucial to design semiconductor
nanoscale heterostructures in optronic devices'®. In QW
heterostructures, photon amplification take place when
carriers recombine radiatively in optical area'”. Berger et
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Fig. 1: Process flow diagram

al. designed type-II W-shaped QW heterostructure for
lasing applications in near infrared region'®4).

Nano scale InGaAs/GaAsSb/InAlAs heterostructure is
also devoted to near infrared regime and 6070 /cm gain is
achieved using k.p method at 100 K temperature'®. The
type-1I InGaAs/GaAsSb/InAlAs heterostructure grown on
GaAs substrate and find appropriate for 1650 nm
wavelength??, Babichev et al. presented
InGaAlAs/InGaAs/InP heterostructure for 1520-80 nm
radiation wavelength?). Enhanced intermixing®? or
interdiffusion®*> approach is required to attain
tunability? and better device performance®. The
InAlAs/InGaAs (intermixing) heterostructure is designed
and obtained gain for 6 nm well width and gain peak is
achieved for near infrared lasing (1.47 pm) wavelength?®,
The GaAsSb material-based type-II heterostructure are
designed to provide better tunability or lattice matching
and offer strong carrier mobility. Haider et al. presented a
GaAsSb based type-II with an optical gain of 8850/cm for
1.5%10'*/cm? charge density and found applications in the
mid-infrared (5200 nm) range, like mid-infrared
spectroscopy, industrial, and telecommunication?”. A W-
shaped type-II heterostructure is created using a GaAsSb
layer of 2 nm and an InAlAs layer of 10nm width that
produce high gain in near-infrared (1550 nm) range?®. In
GaAsSb/InGaAs heterostructure, the GaAsSb layer is
employed as a barrier (2 nm thickness) and altered
wavelength found between 1550 nm and 1650 nm for
different (5GPa-20GPa) uniaxial pressure?®. Garima et al.
designed a type-II M-shaped InGaAs/InAs/GaAsSb

heterostructure under uniaxial strain for mid infrared
applications®”. Electron mobility is studied in InAlAs/InP
heterostructure at room temperature by Aina et al.>"). The
type-1I InAlAs/AlISb heterostructure is designed to
produce optical gain in near infrared regime and achieve
1662/cm for 5x10'%/cm? charge density>?.

This study presents a novel W-shaped type-II nanoscale
heterostructure (AlAs/AllnAs/GaAsSb) developed on InP
substrate, with simulation results under various well
widths that are found to be acceptable for NIR
applications. The optical gain is calculated for 2nm, 3nm.
4nm and 5Snm quantum well width. The substrate InP is
preferred over GaAs substrate, because of low cost,
superior morphology of the surface, and better thermal
conductivity. The type-II nanoscale heterostructure is
created because of its longer wavelength and higher
intensity and cover the region of infrared.
Experimental/theoretical data for the
AlAs/AllnAs/GaAsSb heterostructure design is not
available for variable well widths. A high optical gain is
obtained for near-infrared lasing applications using this
heterostructure. The proposed heterostructure design
employs the same sandwich quantum well GaAsSb layer,
as in previous research work. Whereas, in order to attain
the desired high optical gain and strong interband
transition, alternative AllnAs quantum well layers and
AlAs barrier layers are employed. The theory and design
of the heterostructure (AlAs/Alp3Ing 7As/GaAso.1Sbo) are
covered in the following part, after which the conclusion
is presented.
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2. Heterostructure design details

The bulk energy band structure for AlpsIng;As/InP and
GaAs.1Sbo.o/InP developed on the substrate InP (300K) to
determine the kind of strain resulting from the lattice
mismatch, shown in Fig. 2. In both materials, the lattice
matched condition, or the absence of strain, is indicated
by the heavy hole band (HHB-red colour) that is above the
light hole band (LHB-green colour) and overlap. Figure 2
exhibits the bandgaps of Alpslng7As and GaAso.iSbo.o,
which are 1.001 eV and 0.667 eV, respectively. Vegard’s
low®? yields an accurate lattice constant of 5.939 A for
AlpsIng7As and 6.051 A for GaAsgiSboo alloys.
Consequently, the lattice matches for f4;03mo074s and
fcaaso.1spo.o are 1.20% and 3.12%, respectively. In Fig.
2(a) and 2(b), the conduction band is quasi-parabolic for
both AlysIng;As/InP and GaAso.1Sboo/InP bulk material
and valence sub band (heavy hole band) is not parabolic
for both bulk materials.
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Fig. 2: Bulk band structures (a) Alo.3Ino.7As /InP and (b)
GaAso.1Sbo.o/InP.

In proposed novel heterostructure, quantum well is
made up of two p-type AllnAs layers of 2 nm each and
one n-type GaAsSb layer together, that is sandwiched
between them. The AlAs layers are used as barrier. InP
substrate is used to create the entire substrate. Optical gain
is computed under different well width. Thus, four distinct
quantum-well widths (GaAsSb layer) of 2 nm, 3 nm, 4 nm,
and 5nm are taken into consideration. As the well width
increases, the overall size of heterostructure varies from
120 to 150nm. The three sub bands that make up the
valence band in the band structure are heavy hole band
(HHB-red colour), light hole band (LHB-green colour),
and split off band (SOB-sky blue colour).

Since the conduction band and split off energy band are
relatively far apart, light emission cannot be effectively
inferred from it. In addition, the band arrangement is type-
II, meaning that optical and electrical transition occur
between holes confined in GaAsSb layer (valence band)
and electrons confined in AllnAs layers (conduction
band)*¥. The conduction band 6x6 Kohn-Luttinger model
is employed to compute the band structure, sub band
dispersion and associated wavefunctions. The 6%6
Hamiltonian matrix is reformed into 3x3 block
diagonalised matrix form to minimize the size of system
as stated in equation (1).

Hixs 0 )

Ho) = (57 2 ()

where, the terms Hy, ; and H3,5 are as follows [37]:

H§I><3 = )
P+Q -V, (2) R(k) +iS(k)  V2R(k) + \/%S(k)\
_ | R(k) £ iS(k) P-Q-Vi(2 V20% i\ES(k) |
\\/iR(k) + %S(k) V2R(k) F \/%S(k) P+ Ay, — Vo(2) }

@

where Ag,, and V, are split-off energy and unstrained
valence band edge, respectively. Here, P=P(k)+P(e),
Q=Q(k)+Q(¢) are expanded in equations (3) and (4). The
terms S(k) and R(k) are also described below in equations

(5), (6) [38].
P(k) = (L) yikp+kZ  and,

P(e)=—a,(exx + €yy + €22) 3

Q) = () y,(k? - 2k2) and,
Q) = _g(gxx + &yy — 2‘gzz) “)

500 = (5) V3 (572t ©)
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RGO = (5) 231kl ©)

In above equations, k¢ is the addition of k2 and k2, and
Luttinger parameters are Y4,y and,ys. The parameters
a,, and b denotes the Bir-Pikus deformation potential.

3. Simulation results and discussion

The major goal is to identify a high optical gain for
infrared radiation emission. The Fermi Golden rule is
applied to determine the optical gain by first determining
its wavefunction, charge carriers (electrons/holes) and
associated energy levels®®. For wavefunction calculation,
the k.p Hamiltonian 6x6 diagonalized matrix is derived
and Luttinger-Kohn model*® is used in this structure.
Injected carrier concentration is 2.5x10'? /ecm? and
equilibrium (electron and hole) concentrations are 4x10'2
/em?. In this type-Il AlAs/AlosIng7As/GaAso1Sbos
nanoscale heterostructure, Figure 3 displays the estimated
electron and hole wavefunctions for various quantum well
widths (2, 3, 4 and Snm).
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Fig. 3: Energy band diagrams with total wave function in
AlAs/ AllnAs/GaAsSb heterostructure under well width
variation.
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The first and second energy level electron
wavefunctions (el-up, e2-up) are confined in conduction
band and first energy level hole (h1-up, h2-up) in valence
band well region. The total hole density in the GaAsSb
region (highlighted in dark green) and the total electron
density in the two AllnAs regions (highlighted in dark
brown) are attained in each figure of wavefunction for
each quantum well width. It can be inferred from this Fig.
3 that the total hole density is higher GaAso.1Sbo¢ layer of
valence band and total electron density is higher in
Aloslng7As layers of conduction band. Here, as the
quantum well width rises from 2nm to Snm, a drop in the
overall hole and electron density is observed. As a result,
higher optical gain is achieved from optical transitions
between electrons and holes. In order to create a nano
scale heterostructure, certain parameters must be
calculated, including the envelope wavefunction, sub
band dispersion, and matrix elements (dipole and
momentum) between the energy levels.

After wavefunction computation, the sub band
dispersion profiles for increasing well widths are
calculated  for  proposed  AlAs/AllnAs/GaAsSb
heterostructure at 300K and curves are displayed in Fig. 4.
Figure 4(a), (b), (c), and (d) demonstrate that as quantum
well width increases, the dispersed electronic states (es_1,
es 2 and es 3) exhibit a shift from semi-parabolic to
parabolic. Conversely, non-parabolic states exist for
dispersed holes (hs_1,hs 2 and hs_3). The electronic state
es_3is located further away from state es_1, but electronic
energy states es_land es_2 approach one another as well
width increase. In the same manner, the energy states of
hole hs 2 and hs 3 is relatively near to one another,
although the initial hole state hs 1 is located at distance
from hs 2 energy state. As well width increase, energy
hole states hs_1 and hs_2 approach one another. Energy is
almost same at k,=0 point for all electronic and hole states
as well width increase. The probable transitions for the
optical gain take place from es 1 and es 2 to hs 1 and
hs_2.

3
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Fig. 4: Dispersion profile of AlAs/AllnAs/GaAsSb
heterostructure for variable well widths (2, 3, 4, and 5
nm).
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The dipole and momentum matrix elements depicted
for different well widths (2, 3, 4, and 5nm) in Fig. 5 and
Fig. 6, respectively, crucial to analyse because they
represent the transition strength between the energy levels
where electrons and holes are inhibited, which create
transitions and causes optical gain. Figure 5 indicate that
the properties of the gain at k; (wave vector) =0 that are
affected by the x-group of transition el1-h1 mainly but z-
group of transition el-h2 shows maximum contribution
(at k=0) to the optical gain for 2 nm well width. There is
no contribution at k=0 from z-group of transition e1-h1 to
the gain, however, the contribution rises with increasing
k: values and cross over. For higher value of k;, inter sub-
band transition el-hl of x-group drop gradually. At k=0,
the contribution of x-groupel-h2 and z-groupel-h2
transition is almost zero to the gain characteristics except
2 nm dipole transition as shown in Fig. 5 (a). However,
with rising values of k; the x-groupel-h2 and z-groupel -
h2 transition tend to decrease slightly.
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(d) Dipole transition for 5 nm QW
Fig. 5: Dipole matrix elements transitions for AlAs/
AllnAs/GaAsSb type-II heterostructure for variable
well widths in x and z polarization.

Consequently, at some higher value of k; a contribution
is seen in the gain characteristics for proposed different
well widths dipole transition. Figure 6 presents the
squared momentum matrix elements transitions for x
group and z group transition between el-h1 and el-h2 for
different well widths of proposed nano scale hetero-
structure. The inter sub-band transition of x-group el-hl
for squared momentum matrix elements indicates the gain
contribution at wave vector k=0, while z-group e1-hl has
no contribution at zero value of k. With increasing
quantum well widths, the contribution of matrix elements
transition of x-groupel-hl decreases gradually at k,=0.
On the other hand, for increasing value of k; the squared
momentum matrix elements transition of x-groupel-h2
has no contribution to optical gain. The transition of z-
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Table 1. Comparison of AlAs/Alo3Ino.7As/GaAso.1Sbo.o type-1I heterostructures with other heterostructures in the terms of optical gain

under different well width and wavelengths.

S. Different QW nanoscale Type Quantum Gain A (pm) Ref.
No. heterostructures Well Widths (/fem)
(nm)
1. Ino.s2Alo.48As/GaAso.51Sbo.49 I 5 1600 1.98 11)
/Ino.53Gao.47As
2. InGaAs/GaAsSb I 2 6220 1.55 34)
3. Ino.45Gao.s5As/GaAso.31Sbo.co II 6 1000 2.6 39)
4. Ino.sGao.sAs0.sP0.2/GaAso.5Sbo.s I 2 8000 1.85 40)
5. Ino.25Gao.75As/InAs/GaAso.31Sbo.o II 2 4800 3.2 41)
6. InAlAs/InGaAs/GaAsSb I 4 6000 1.55 42)
7. InAlAs/InGaAs/GaAsSb I 2 5931 1.42 43)
3 2647 1.90
8. AlAs/Alo3Ino.7As/GaAso.1Sbo.o I 2 12560 (0.80 eV) 1.550 Present
(W-shaped, InP substrate) 3 8144 (0.76 eV) 1.631 work
4 6008 (0.75 eV) 1.653
5 4486 (0.77 eV) 1.610
Under x polarization, the higher optical gain of Acknowledgements

AlAs/Alg3Ing 7As/GaAso.1Sboo nanoscale heterostructure
is 12560/cm at 1550 nm for a 2 nm well width. The
increasing well widths 3nm, 4nm, and 5nm, the optical
gain of 8144/cm, 6008/cm and 4486/cm achieved,
respectively. The designed nano heterostructure find gain
spectrum in near infrared range i.e. 1550nm to 1610nm.
The result confirms that the developed heterostructure can
be employed for fibre optic applications because of its low
attenuation at 1550 nm wavelength. For increasing well
widths, corresponding wavelength also increases. A left
shift and a progressive decline are seen in the optical gain.

4. Conclusion

In this article, a high optical gain is reported for “W-
shaped’ type-II AlAs/Alg3Ing7As/GaAsg.1Sboy nanoscale
heterostructure. Firstly, the bulk band structure,
wavefunctions related to valence band and conduction
bands, sub band dispersion, matrix elements (dipole and
momentum) are computed and lastly, optical gain is
determined under variable quantum well width. The 6x6
kohn Luttinger model is used for computation. Carrier
concentration for equilibrium electrons and holes is
considered 4 x 10'? cm? and for injected electrons and
holes is 2.5 x 102 cm?. It appears that proposed
heterostructure operates in the energy range of 0.80 eV to
0.75 eV.

Peak optical gain shifts upwards as the quantum well
width decreases from 5 nm to 2 nm, resulting in a drop in
emission wavelength. It is evident from the results that the
AlAs/Alg3lng 7As/GaAso.1Sboo heterostructure’s optical
gain may be effectively utilised for near infrared (NIR)
range (1.5 um - 1.6 um) applications such as night vision
tools, inspection, range finders, surveillance,
telecommunication, imaging, material processing etc.
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