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ABSTRACT

This work focuses on the modeling of a ternary structure based on I11-V semiconductor with
strained quantum well, InGaN/GaN. We studied the effect of indium concentration (x) on
different parameters of the In,Ga;.xN/GaN material. Indeed, the incorporation of indium
induces a variation of the bandgap energy. Increasing the indium concentration x decreases
the bandgap, an important property to obtain the wavelength in the visible region. We also
studied the strain effect on the band structure. We have considered the effect of the active
zone thickness on the emission wavelength taking into account the effect of the strain ¢(x) and
the indium content x. Then, we modeled the optical gain as a function of the wavelength by
varying the well width L.y, the injected electron-carrier density N and x at T = 300K. Finally,

we optimized the structure to make a Laser component emitting around 400nm.

Keywords: Semiconductors I11-V, Nanostructures, Laser, Optoelectronics.

Author Correspondence, e-mail: sakre23@yahoo.fr
1. INTRODUCTION

Currently, 111-V semiconductors are frequently mentioned for their importance as part of
advanced and ultra-fast optoelectronic components. The operational characteristics of these

devices depend predominantly on the physical properties of the constituent materials, which
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are often combined in quantum heterostructures based on carrier confinement to nanoscale
dimensions such as quantum wells, nonwires, and quantum dots. Most of these materials are
obtained by standard alloy on substrates. They could in principle cover a wide range of
electronic, optical and optoelectronic applications. Most importantly, 111-V semiconductor
lasers that have played a crucial role in the development of emitters and detectors [1,2].
Semiconductor lasers are lasers based on I11-V semiconductor gain media. In these types of
lasers, the conduction band (BC) and valence band (BV) electronic structure is used to
increase the radiative interband and intraband recombinations. However, the accessible
spectral ranges depend on the choice of semiconductors [3]. The InGaN/GaN materials are of
great potential interest for light emitting devices operating in the blue (0.4pum)-ultraviolet
spectral range [4].In addition, a basic technique for an extremely wide range of applications,
harmonic generation or frequency conversion (doubling, tripling, etc.) allows for new features
are often used with semiconductor lasers; and are of great potential interest for light emitting
devices operating in the visible and the blue-ultraviolet spectral range [5,6]. Since the first
experimental demonstration of the laser effect [7], the development of new laser sources,
based on a variety of technologies and new material systems, operating in the spectral regions
from deep UV to Terahertz has made a great progress[7]. It distinguishes some
semiconductor materials available for the manufacture of lasers. Generally, the alloys of
semiconductor materials are type 1I-V, 11-VI or 1V-VI. These semiconductors
are matched lattice layer (¢=0) and have a direct band gap, examples of such devices are the
VCSELSs structures, each interface allows to create a very high reflectivity Bragg mirrors
exceeding 99% and a matched active zone on the same substrate which gives a very high
crystalline proper. The improvement of the exploits of the optoelectronic components was the
consequence of the appearance of the strained quantum wells which contributed to the design
of new optoelectronic devices more efficient and more reliable by studying the strain effects
on the electronic and optical properties of these Il11-V semiconductors [8]. The strain has
significant impact on the characteristics of intrinsic semiconductors such as bandgap energy,
deformation potentials as well as band structure parameters such as effective masses, which
are due to the lattice mismatched epitaxial layers. These changes have been exploited to make
more suitable components. The strain-degeneration, for example, in the valence band makes it
possible to realize optical amplifiers insensitive to the polarization of light and several other

devices [9].
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1. THEORETICAL MODEL

The quantum wells are thin layered semiconductor structures in which one semiconductor
well material is surrounded by two "barrier" layers with a wider band gap (Eg1< Eg). Since,
the well is so thin, typically about 100 A, both electrons and holes are confined. The energy
states allowed for the carriers are quantified. The direct advantage of this configuration is to
reduce the active volume, which makes it easier to reach a population inversion, the threshold
for oscillation and increase the probability of transitions.

The quantum physic equations are valid when the active layer thickness is of the order of few
nanometers and becomes comparable to the De Broglie wavelength Ar=2nA(2mEe)™?, m is
the electron effective mass, Er refers to the Fermi level [10,11]. In the type | quantum well,
the electrons and holes are confined within the same spatial region as shown in figure 1(a,b).
[12].

contact p

(b)

contact n

Tampon layer

Lw
d quantum well structure

By varying the well width and the alloy composition, the quantification energy levels can be
tuned to modify the emission wavelength of the structure. Indeed, the shift between two
subbands of the same quantum number n can be approximated by the equation given in
reference [13]. The carrier confinement energies (electrons and holes) in quantum wells are
obtained when solving the corresponding Schrédinger equation [14].The resolution of the
Schrddinger equation requires the knowledge of the structural potential V(z) seen by the
particle along the direction of interest z [15].The solution of Schrédinger equation gives an
improved estimate of the energy eigenvalue with variable E, the quantification energy. In
order to determine the quantization energies, the numerical method of dichotomy is used.

When the Electron confinement energies are not negligible in front of the height of the
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potential barrier, either because of AE. is not very important or L, is small. By asking Vo=AE.
, the potential may be written as mentioned in [16]. Schrodinger’s equation in the three
regions is given by [17]. The epitaxial growth techniques of lattice mismatched materials
became well controlled,. Thus, the lattice matching is not an imperative; moreover the strain
effects are exploited in many high performance electronic and optoelectronic components.
Indeed, the use of strained heterostructures changes the energy position of both conduction
band and valence band and gives us the possibility to adjust the emission wavelength [17]. In
the pseudomorphic growth along the (001) direction, the difference of lattice constants for the
quantum well and barrier layers, results in a parallel ey« and a perpendicular strain €, [17]. The
energy offset of gravity centers of the conduction band and the valence band in k=Ovary
proportionally with the strain [18].The energy offset induced by the shear strain for the
valence band gap [18-20]. The material gain per unit propagation length G(hw), is defined as
the fractional increase of the photon-flux density propagating along the direction of interest in
the crystal [7]. The gain is calculated using [21,22].

2. RESULTS AND DISCUSSION
Figure 2 shows the variation of the unstrained bandgap energy as a function of the indium
concentration. The bandgap is equal to 3.05eV for an indium concentration of x=0.10. When
it reaches the value of 0.3, the bandgap energy is 2.6 eV. So, we note a decrease in the
bandgap energy with about AE4 = 0.45eV. The effect of the strain on the bandgap energy is
also distinguished. The strain induced a decrease in the bandgap energy and makes the
valence bands AEgnh strongly anisotropic. For an indium value of x = 0.30, the strain bandgap
energy is equal to 2.43 eV with a deformation of € = 3%. So, the strain induces a decrease of
the bandgap of about AEg, = 0.17eV. As seen from figure 2, when the indium concentration
becomes important x=0.40, we will have a compressive strain €=4%, which makes the

structure unstable. The results of simulations are very according to the experimental one.
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Fig.2. Variation of the bandgap energy as a function

of the indium concentration.

Figures 3 (a,b) illustrate the variation of electron confinement energies for the InsGa;.xN/GaN
quantum well structure as a function of the well width (L) for different indium
concentrations. It is noted that the increase in the well width L,, induces a decrease in the
quantized energy. On the other hand, the increase of the indium concentration X increases the
number of the confinement energy levels. This leads to an increase of the transition
probability of the direct electron-hole transitions. Figures 4 (a,b) present the heavy hole
confinement energies of the In,Ga;xN/GaN quantum well structure as a function of the well
width for different indium contents. The heavy hole confinement energies increase with
reducing the well width. Figures 5 (a, b) show the calculated transition energies occurred
between the conduction band and the heavy holes band in the InGa;.xN/GaN quantum well
structure versus the well width for different concentrations of indium. It is observed that the

increase of the well width, leads to a decrease of the transition energy.
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Fig.3. Variation of electron confinement energies levels according to the well
width Ly, a) x=0.10 b) x=0.30
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Fig.4. Variation of heavy holes confinement energies levels according to the well
width L, a) x=0.10 b) x=0.30

Fig.5. Variation of transition energy according to the well
width L, a) x=0.10 b) x=0.30
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Figures 6 (a, b) illustrate the variation of emission wavelengths as a function of the quantum
well width L, for different indium mole fractions. It is noted that increasing the well width
induces an increase of the wavelength. When the indium concentration increases, the emission
wavelength varies from 0.1 to 0.5 um. For example, for a thickness well of 8 nm and an
indium concentration x = 0.10, the emission wavelength Aei-pn1 IS 0.396 um. For the same
transition e;-hhjand an indium content of x=0.30, the emission wavelength becomes 0.469um.

A (um)

Fig.6. Variation of the wavelength according to well width L,y

a) x=0.10 b) x=0.30

Figure 7 shows the optical gain variation as a function of the emission wavelengths for a 6nm
Ino.3Gao7N/GaN quantum well structure and different carrier densities N. It can be seen that
the optical gain increases with increasing carrier density to achieve the saturation for
N=8x10"%cm™. It can be seen that more the carrier injection becomes larger, more the spectral
width AX increases significantly. Figure 8 shows the evolution of optical gain versus the
wavelength. An increase of the well width leads to a decrease of the maximum optical gain.
However, the spectral width becomes large and the emission wavelength achieves the value of
0.5um. For example, if the thickness of the quantum well is varied from 6 to 10 nm, the

maximum optical gain decreases through 976 cm™.
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Fig.7. Variation of optical gain versus wavelength for different electron densities
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Fig.8. Variation of optical gain versus wavelength for different widths L,

Figure 9 shows the optical gain variation as a function of the emission wavelength for several
indium concentrations in the InsGa;xN/GaN active zone with an injected carrier density
N=4.10"® cm™ at room temperature and a well width of 6 nm. It is noted that the increase in
the indium concentration induces a shift of the gain spectra towards long wavelengths. For an
increasing of the indium concentration from 0.10 to 0.30, the emission wavelength shifts from
0.365 to 0.425um.
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Fig.10. Variation of optical gain versus wavelength for different temperatures T
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Figure 10 shows the optical gain variation as a function of the wavelength. It is noted that the

increase in temperature leads to a significant decrease of the maximum optical gain. When the

temperature increases from 300 to 400K, the maximum gain decrease from 2936 to 2698 cm’

! that is to say, we have a loss of Gna= 238cm™. From this study, we can optimize the

quantum well structure based on InsGa;xN/GaN to achieve a reliable optoelectronic

component emitting around 400nm. It suffices to find a compromise between the well width,

the indium mole fraction, the carrier density and the temperature.
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4. CONCLUSION

In this paper, a theoretical study has been carried out. Simulations have been performed for
the design and optimization of an InGaN/GaN strained quantum well structures. In our study,
the effects of (x) and x on the bandgap energy, the quantum confinement energies, the
transition energy and the wavelength emission are taken into account. Then, we have studied
the material gain a based InGaN/GaN quantum well material system and present the factors
that influence the material gain performance as well width, electron density, x concentration
and temperature T. The optimized InGaN/GaN quantum well structures have better optical
properties with a maximum optical gain of 2936 cm™ and an emitting wavelength of 423 nm,
at a well width of 6 nm, injected electron density N=4x10"%cm™, x=0.30, and a room
temperature T=300K.This work allows us the possibility to realize a strained multiple
quantum well VCSEL structure emitting in the blue region of the electromagnetic spectrum.
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