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Abstract

The basic advantage of using multiple quantum wells (MQWs) in a laser system is that the threshold current density is reduced
relative to conventional lasers due to the increased carrier density in MQWs and the associated increase in the optical gain due
to the huge confinement factor. The temperature sensitivity of this gain is also reduced compared to bulk material so that the

MQWs-based laser can be designed to operate efficiently at room temperature much higher than conventional semiconductor

lasers.
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Abbreviation

MQW: Multiple Quantum Wells.

Introduction

Multi-Quantum Well (MQWSs) structures were first
proposed by Esaki and Tsu in 1970 to be explored in
many opto-electronic areas. The MQWs are formed by
using alternate thin layers of two different direct band gap
semiconductors. When the layer thickness is made lesser
than the de-Broglie wavelength of the charge carriers
(generally 10-20nm), it is said to be a quantum well. The
electrons and holes in the MQW are confined in 1-dimension
thus getting discrete energy levels. This is an analogy to
the discrete energy levels of electrons in an atom. Now if
the width of the well is varied, it is possible to get specific
energy level for the particles, thus making the band gap of
the material adjustable. This has a insightful impact on the
optical and electrical properties of the material. Laser is an
acronym for Light Amplification by Stimulated Emission
of Radiation which was first proposed by Einstein in 1917.
This can be understood by referring to Figure 1, in which a
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charged particle emits photons when falling from a higher
energy level to a lower one. In Figure 1, where the particle
is near other atoms, the photon emitted can strike the other
atoms making the particle fall further and result in emitting
more photons. This is the process of stimulated emission.
In order to achieve laser operation, it is necessary to have
more atoms in higher energy levels than lower ones which
can be done by the process called population inversion, in
which the atoms are pumped to high energy levels using an
external energy source, and then allowed to relax and give
the stimulated emission. A large number of atoms emitting
photons randomly in phase can result in high-intensity laser.

Figure 1 represents the schematic diagram of the single
QW-based laser showing the ground, excited and reservoir
states. The main parameters governing the MQWs-based
laser characteristics are the chemical content and size of the
Well/Barrier. The band gap energy of the ternary (In,Ga)N
which depend nonlinearly on the In-content is expressed as
follows:

E, (InxGaHN) =xE, (InN)+(1 —x)Eg (GaN)—l.43x(l —x)
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Figure 1: Single Quantum Well Based Laser Schematioc Diagram. ES and GS Mean Respectively Excited and Ground States of

Quantum cascade (QC) lasers are electrically injected
laser consisting of a semiconductor heterostructure. These
are so-called intersubband or unipolar laser because their
operation is based on the radiative emission of electrons
between confined levels in the conduction band of MQWs
structure. The physical phenomenon responsible for the
radiative emission therefore differs from that used in laser
diodes since the latter is not due to the recombination
between electrons from the conduction band and holes in
the valence band, but is due to the deexcitation (relaxation)
of carriers between two subbands of the conduction band.
The carrier confined energies are obtained from the Poisson-
Schrodinger coupling equation given as:

HY =EY
VD=p

Where, H is the carrier’s Hamiltonian, E is the carrier’s
energy, W is the carrier’s wave function, D ~ is the electric
displacement field and p is the carrie’s charge density.

In this case, the transition’s energy E, —Eg depends
strongly on the thickness of the wells and barriers on the
one hand and the chemical Indium content (/n,Ga,_ N) on
the other hand. This particularity allows QC lasers achieve
energies previously inaccessible for laser diodes and offer
great flexibility in the choice of wavelength. As an example,
we can cite QC lasers based of InGaAs/AllnAs since they
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cover the spectral range between A = 3.4 pm [1] and A < 24
pum [2] and even the terahertz [3]. It is for this reason that
they are a very suitable for spectroscopic analysis systems,
particularly for the detection of trace gases [4].

QC lasers have experienced very rapid development
since their first demonstration in 1994 [5]. The first device
was epitaxially grown based on InGaAs/InAlAs/InP materials
and emitted at A = 4.2 um working in pulsed regime up to 88

K but required high threshold current density (14/‘1‘1-0’7’1_2) .
Since then, the quality and performance of these lasers have
only improved. Today they cover a wide spectral range in

the mid-infrared (2~75 um <A< 24#’”) and in the terahertz

(60 m < 2 <250 um) They operate at 298K [6,7], in
continuous mode [8,9] reaching powers up to 1.3 W with a
threshold current density as low as 1.7 k4.cm™ [10]. These
improvements have emerged at the cost of considerable
efforts in the:

e Optimization of epitaxy techniques,

e Design of band structures of heterostructures,

e Optimization of optical confinement,

To reach small wavelengths, researchers focused on
Antimonide (Sb) materials showing high band offset
discontinuities (Table 1). Devenson et al. increased the
emission of InAs/AlSb quantum cascade lasers at A = 2.75
pm [11] and achieved spontaneous intersubband emission at
A=2.55um [12]. The InGaAs/AlAsSb pair on an InP substrate
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effectively covers the surrounding window (3 um<A<5 um)
.In 2007, Revin et al. showed a cascade laser that emits at 3
um and works in a pulsed mode at room temperature [13]. To
create laser capable of operating at telecom wavelengths (1.3
pum < A < 1.55 pm), materials having a broad band offset, such
as nitrides, are in the viewpoint.

Band offset
Well/Barrier Substrat
/ (eV)
InAs or
InAS/AISb GaSh 21
In .,Ga, , As/AlAs . Sb, ,, InP 1.6
In,..Ga , As/Al  In As InP 0.52
GaAs/AlxGaxAs GaAs Adjustable

Table 1: The Conduction Band Offset Discontinuity in
Different Materials Used for QC Laser Manufacturing.

For instance, due to their exceptional optical and
electrical properties, tunable band gap energies, thermal and
chemical stabilities and high conduction band off-set, alloys
like (In,Ga)N have recently attracted attention [14-22]. The
MQW lasers have shown that they can have a current density
threshold 1kA/cm? for a wavelength equals to 1.3um.
The most promising cost saving application in the field of
telecommunications is the use of MQWs in the transmission
of voice and data. By using MQWs it is possible to build an
electrically pumpedlaser source at 1.3um. Currently, the most
widely used source is the light emitting diode. Unfortunately,
the LED is a non-coherent source and suffers from large
modal dispersion in optical fibre. An external cavity laser can
be coated to provide single mode operation but these devices
are very costly mainly because of the excessive number of
processes needed to build a V-groove diffraction grating. It
is not unexpected that mQWs lasers have been dubbed “the
ideal material for the information age” because of these
qualities, which make them particularly appealing for a
variety of applications such as:

e Optical fiber communications
e Optical data storage,

e Medicine,

e Military,

However, the MQWs-based lasers face several limitations
and challenges such as:

e Fabrication complexity: MQW structure manufacturing
involves careful control of layer thickness and
composition of materials, which renders it more difficult
and costly.

e Thermalimpacts: MQW lasers are subject to temperature
fluctuations which can diminish effectiveness and cause

Ghazi HE. Laser Based Multi-Quantum Wells. Nanomed Nanotechnol 2024, 9(4): 000320.

wavelength shifts.

e C(Carrier leakage: At high temperatures and/or inject
levels, carriers may migrate from well layers and
penetrate the barrier ones, limiting laser performance.

e Strain and defects: Mismatches in lattice constants
between Quantum wells and barrier materials can
generate strain, resulting in defects and dislocations that
degrade effectiveness and endurance.

e  Aging and reliability: MQW lasers may gradually degrade
over time owing to defects in the layers or material
interfaces, reducing their lifetime and stability.

Conclusion and Perspective

In summary, a brief overview in the area of laser-based
on different material and the perspective of the Ill-nitride
semiconductors has been covered in this work. Because of
their direct and adjustable band gap and great dependability,
[II-nitride semiconductors are an excellent choice for a wide
range of electrical and optoelectronic applications, including
high efficiency laser diodes, solar cells and brilliant LEDs.
The functionality and dependability of the final device are
impacted by a multitude of critical material qualities that are
determined by the substrate selection. Integrating InGaN-
based material, with currently available laser like AlSb, GaAs-
based, is the best solution in order to get efficiencies greater
than achieved results.
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