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In this work, we theoretically investigate the structural dependence of intersubband absorption of InGaAsSb/GaAs single quantum well structures. We begin by analyzing the impact of In and Sb incorporation on the critical thickness, conduction band offset and band gap energy. The first two electron energy levels E12 and the corresponding wavelength were made for the InxGa1-xAs1-ySby/GaAs system and are analyzed in detail by solving the Schrödinger equation. Also, we have investigated effects of composition and well width on the intersubband absorption. In addition, the wavelength and absorption coefficient of the ISBT can be adjusted and optimized by changing the composition and the width of the SQW. Finally, strain effects on intersubband absorption and on the peak response wavelength have also been systematically studied. Our study shows that InGaAsSb/GaAs SQW will play a key role in research of electronics and photonic devices in the future.

Introduction

During the last decade, the study of intersubbands transitions in quantum wells has been an interesting subject of investigation. It consists of only one type of carrier (unipolar semiconductor laser) and on electronic transitions between conduction band states (or valence band states) occurring by the size quantization in semiconductor heterostructures as we can see in figure 1.This great interest is due to their important and fundamental characteristics as: a large dipole moment, an ultra-fast relaxation time, and an outstanding tunability of the transition wavelengths [START_REF] Eseanu | Simultaneous effects of laser field and hydrostatic pressure on the intersubband transitions in square and parabolic quantum wells[END_REF].These phenomena have shown advanced applications in optoelectronic and microelectronic devices and allowed appearance of many important devices such as: far-and near-infrared photodetectors [START_REF] Alves | MWIR and LWIR quantum well infrared photodetector using interband and intersubband transitions[END_REF][START_REF] Li | Multi-color, broadband quantum well infrared photodetectors for mid-, long-, and very long wavelength infrared applications[END_REF], ultrafast all-optical modulators [START_REF] Li | Ultrafast all optical switching with low saturation energy via intersubband transitions in GaN/AlN quantum-well waveguides[END_REF], all optical switches [START_REF] Iizuka | All-optical switch utilizing intersubband transition in GaN quantum wells[END_REF],quantum cascade lasers [START_REF] Belkin | Room temperature terahertz quantum cascade laser source based on intracavity difference-frequency generation[END_REF]7] and quantum well infrared detectors [START_REF] Gunapala | Quantum well infrared photodetector technology and applications[END_REF][START_REF] Aissat | Modeling of the absorption properties of Ga1-xInxAs1-yNy/GaAs quantum well structures for photodetection applications[END_REF].One had to wait for the many improvements in growth techniques to observe intersubband emissions in III-V materials [START_REF] West | First observation of an extremely large dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Helm | Intersubband Emission from Semiconductor Superlattices Excited by Sequential Resonant Tunneling[END_REF].Among them, the Sb based heterostructures which have a great interest in many applications such as environmental protection, remote sensing of atmospheric and optical communication, more other applications are cited in the references [START_REF] Yeh | Sb-based semiconductors for low power electronics[END_REF][START_REF] Dashiell | Quaternary InGaAsSb Thermophotovoltaic Diodes[END_REF][START_REF] Arif | Interdiffused SbN-Based Quantum Well on GaAs for 1300-1550 nm Diode Lasers[END_REF][START_REF] Su | A Novel Dilute Antimony Channel In0.2Ga0.8AsSb/GaAs HEMT[END_REF][START_REF] Wang | GaInAsSb/AlGaAsSb multiple-quantum-well diode lasers grown by organometallic vapor phase epitaxy[END_REF]. Several theoretical studies on 2 the absorption coefficient associated with intersubband optical transitions in single-QWs and multiple-QW structures are presented in the literature [START_REF] Wang | Intersubband transitions in Al0.82In0.18N/GaN single quantum well[END_REF][18][START_REF] Rostami | Defect-induced enhancement of absorption coefficient and electro absorption properties in GaN/AlGaN centered defect quantum box (CDQB) nanocrystal[END_REF][START_REF] Park | Intersubband transition in lattice-matched BGaN/AlN quantum well structures with high absorption coefficients[END_REF]. However, very limited investigations have been carried out on intersubband transition in lattice matched InGaAsSb/GaAs quantum well [START_REF] Motyka | Interface Intermixing in Type II InAs/GaInAsSb Quantum Wells Designed for Active Regions of Mid-Infrared-Emitting Interband Cascade Lasers[END_REF][START_REF] Inoue | Realization of narrowband thermal emission with optical nanostructures[END_REF][START_REF] Lei | Lasers and photodetectors for mid-infrared 2-3 µm applications[END_REF].

In this work, we investigate the absorption coefficients and wavelength of the ISBT of the InxGa1-xAs1-ySby/GaAs single quantum well. The absorption coefficient of the ISBT can be determined by three factors which are: the modulus square of dipole matrix, the total electrons residing in the initial and final subbandand the energy distance between these two subbands. In this study, the influence of quantum well thickness, composition (x, y) and strain on the absorption coefficients and the wavelength of the ISBT in a single InxGa1-xAs1-ySby/GaAs well have been studied by solving the Schrödinger equation. With this aim, it is very important to determine in a first step the electronic properties of strained InxGa1-xAs1-ySby/GaAs SQW, such as critical thickness, band gap, and band discontinuities as a function of the structural parameters. It is worth citing that this study is an approximation since complexity is not included. In the present simple approach, the ISBTs are related to subbands only. The analysis is restricted here to the case of absorption from the fundamental level to the excited one. So, only photons with some vertical component along the growth axis of the electric field can induce ISBTs.

The paper is organized as follows, after a brief introduction; we describe in section 2 the theoretical calculations.

The obtained results on the electronic properties for InxGa1-xAs1-ySby/GaAs and absorption coefficient as a function of structural parameters are reported in section 3. Conclusions are summarized in section 4.

An example of In0.35Ga0.65As0.97Sb0.03/GaAs single quantum well structure is given in figure 2. The figure indicates the values of band gap energy, band alignment, resulting energy levels for electrons and holes and the thickness of each layer of the QW. The compressive strain is εxx=2.67%. E12 is the transition energy between the two first electron subband energies (E1 and E2).

Theoretical model

The absorption coefficient peak position depends on the subband energy position and intersubband energy difference in the wells. To study the energy levels of lattice matched InGaAsSb/GaAs quantum well, we must solve analytically the Schrodinger equation [START_REF] Laakso | Simulation of quantum wells with 'spikes' and 'dips[END_REF]: 
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where / 01234567 * and / 2345 * are the electron effective mass in quantum well and barrier, respectively.

Knowing the transition rate between two subbands n and m, given as 8 1 = 8 1 -8 , gives us the possibility to calculate corresponding wavelength which can be expressed as:
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Where: En and Em are the quantized energies of subbands n and m, respectively. After solving the Schrodinger equation, we calculate the Fermi energy and electron population of each energy state in order to be able to calculate the ISBT coefficient.

The intersubband absorption coefficient depends on the momentum matrix element, the incident photon wavelength and the difference in the subband density of electrons in the ground state (En) and the first excited state (Em) as mentioned in the following equation [START_REF] Liu | Intersubband transitions in InGaAsN/GaAs quantum wells[END_REF]26]: andUis the relaxation time, we assume that the relaxation time is constant and is taken as τ= 0.1 ps.
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Along the z direction, the momentum matrix is given by:

J 1 = V 1 * W X Y ⁄ ,X Y ⁄ (5) 
Where [ is thewave function of the j th subband with j=(n,m), obtained by solving the Schrödinger equation.

The total amount of electrons residing in the j th subband level can be obtained by:
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Where nj, the sheet density of electrons of j th subband, given by:
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Where kB is the Boltzmann's constant, T is the temperature, Ej are energy at j th eigenstates and EF is the Fermi level in the conduction band.

The oscillator strength fnm of intersubband absorption in the InGaAsSb/GaAs quantum well for the incident photon energy depends on the momentum matrix element and transition energy Enm as mentioned in equation [START_REF] Gunapala | Quantum well infrared photodetector technology and applications[END_REF].
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The band parameters of the parental binary compounds used in our study are taken from Ref [START_REF] Vurgaftman | Band parameters for III-V compound semiconductors and their alloys[END_REF] and are interpolated according to the Vegard's law except the band gap energy. An equation similar to that taken from reference [START_REF] Gang | Band gap energy and its temperature dependence of GaInAsSb quaternary alloy grown by molecular beam epitaxy[END_REF] is used.
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where The effect of strain is taken into account. For a strained-layer quantum well grown along the [100] axis (growth direction is taken to be the z axis), the strain tensor is diagonal, with the following non-zero components R oo = R pp = R ∕∕ and R = R r . Both parallel R ∕∕ and perpendicular strain R r can be defined as follows: [START_REF] Yeh | Sb-based semiconductors for low power electronics[END_REF] Where: aGaAs and aInGaAsSb are the lattice constants of the substrate which is assumed to be GaAs and the layer quantum well, respectively, n ;; 01234567 and n ; 01234567 are the stiffness constantsof quaternary alloy, they depend on the concentration (x, y) and are obtained by interpolation as mentioned before. The knowledge of the discontinuities for conduction bands at the strained and lattice-matched interfaces is essential to control the carrier transport and analysis of electronic properties. The model-solid approach of Van de Walle and Martin is widely used for determining the extrema of energy bands [START_REF] Jdidi | A multi-color quantum well photodetector for mid-and long-wavelength infrared detection[END_REF].
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The conduction band offset is expressed as the difference:

∆8 D = 8 D 7 -8 D ! (13) 
Where 8 D 7 and 8 D ! are the conduction bands of barrier and well, respectively.

The estimates of the critical thicknesses may serve as guideline for the choice of the well width Lw and composition (x, y) of strained InGaAsSb/GaAs QWs suitable for light emission in important spectral ranges and free from stress relaxation. So, critical thickness knowledge is important key in growth processing of high quality semiconductor heterostructures and to achieve high performance of the optoelectronic devices.

The theoretical expression, proposed by Matthews and Blakeslee [START_REF] Matthews | Defects in epitaxial multilayers: I. Misfit dislocations[END_REF] to account for the critical layer thickness is used in this work and is defined as:
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Bis the Poisson's ratio: Lw is equal to a value that will be named Lwm. However, when Lw is larger than Lwm, the ISBT energy decreases.
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Results and discussion

This can be explained as follows: When Lw is smaller than Lwm, the energy distance between the two first subbands 1 and 2 decreases with Lw, and the total electrons located in first subband decrease with Lw, where, the electron density in second subband is negligible. Therefore, the difference between electron densities in subbands 1 and 2 is mainly determined by those of first subband. The decrease of the energy distance exceeds the decrease of total electrons locating in subband 1 when Lw is smaller than Lwm, which leads to increasing the ISBT with Lw. However, with increasing Lw, the total electrons locating in the first subband decrease so quickly, that it becomes the prevailing factor, which leads to decrease the ISBT with increasing Lw. It is also seen from The inset shows the wavelength of the E12 ISBT as a function of well width for different percentages of Indium.

Moreover, the intersubbands operating wavelength is much more sensitive to both, contents and well width. decreases with increasing Lw. But, the energy level of subband 2 decreases more slowly than that of subband 1 before Lw exceeds 60Å. Therefore, the energy distance between subbands 1 and 2 will increase with Lw, which means that the wavelength of ISBT between subbands 1 and 2 decreases with increasing Lw. when Lw is larger than 60 Å, the energy level of subband 2 decreases more quickly than that of subband 1, thus the energy distance between subbands 1 and 2 decreases with Lw, and the wavelength of ISBT between subbands 1 and 2 increases with increasing Lw. However, the absorption coefficient of ISBT E2-E1 is blue shifted for well widths less than 60Å but above this value it redshifts. The spectral linewidth became narrower for well widths less than 60 Å while it becomes wider above this value. Figure 12 shows the variation of peak response wavelength (left) and absorption peak positions(right)as a function of compressive strain. It can be found that the peak value of absorption coefficient is directly related to strain, and, simultaneously, the absorption maximum shifts to shorter wavelengths. The peak response wavelength decreases from 28.55 to 8.98 µm as the compressive strain increases from 0.69 to 2.97%. Similarly, the maximum absorption increases from 748.8 to 3990 cm -1 .

Conclusion

In conclusion, intersubband absorption coefficient characteristics and its dependence on the structural parameters are theoretically investigated for strained InxGa1-xAs1-ySby/GaAs quantum well structure. Both, In and Sb have significant impact on electronic properties. We have analytically solved the Schrodinger equation as well as the intersubband absorption coefficient. According to the results of this study, we have deduced that: i) The variation in the structural parameters can tune the energy subband positions and consequently the intersubband in the well to guarantee maximum absorption; ii) The intersubbands optical absorption increases when indium concentration increases. The range wavelength of emission shifts to shorter wavelengths and the spectral linewidth became narrower; iii) The absorption peaks decreases when antimony increases and they shift to short wavelength for a value less than 1.9-2%, but above these values they shift to longer wavelengths; iv) The absorption peaks decrease when well width increases and they shift to short wavelength for a well width less than 60 Å, but above this value they shift to longer wavelengths. So, changing the structural parameters values vary both the position and peak values of absorption coefficient. v) In this study, we have also examined the effects of compressive strain on the peak response wavelength and absorption peak positions of InGaAsSb/GaAs ISQW. We conclude that compressive strain has a significant influence on both. We see that the peak wavelength decreases when strain increases and its shift to shorter wavelengths while absorption peak positions increases. The results indicate that long wavelength infrared (LWIR) detectors or quantum cascade lasers can be realized by InGaAsSb/GaAs SQW. We expect that our theoretical results will serve as a guideline for future experimental results. 
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where:

  the envelope function, ℏ: reduced Planck constant, m * : electron effective mass in the conduction band, : conduction band potential, i the subband index and subband energies in the conduction band. The solution of Schrödinger equation gives us the following expression:

wheree:

  the electron charge, n: the refractive index, c: the speed of light, R S : the free-space dielectric constant, B: the photon frequency, V is the space volume, J 1 is the momentum matrix element between subbands n and m, fn and fm are the Fermi-Dirac distributions of electrons in respective subbands, Γ = ℏ U#
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 3 Figure 3 presents the results of a critical thickness calculation of an InxGa1-xAs1-ySbyepilayer grown on GaAs substrate. The critical thickness strongly depends on the indium and antimony composition. It decreases as indium and antimony contents increase. Figure 4 describes the CB offset variation as a function of indium (x) and antimony (y) fractions in minimum Γ according to the model solid theory.We note that the CBO are positive over the whole range of the composition. It should be noted also from this figure that larger ΔEc values can be obtained by increasing In and Sb contents. Next, we have calculated the band gap energy of InxGa1-xAs1-ySby/GaAs as mentioned in section 2. The results are plotted in figure 5 in the form of contour plotsversus In and Sb. Addition of a small quantity of both Sb and In leads to a decrease of band gap energy. Figure6shows the transition energy evolution E12as a function of thickness well for several Sb concentrations of In0.15Ga0.85As1-ySby/GaAs SQW. At first, the transition energy E12 increases with Lw and reaches the climax when
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 6 figure 6 that with increasing antimony concentration intersubband energy E12 blueshift. The inset shows calculated intersubband energy E12 of InxGa1-xAs0.98Sb0.02/GaAs as a function of well width for different indium values. Indium has a strong effect on transition energy. Transition energy blueshift when indium content increases. Figure 7 shows the wavelength of the E12 ISBT as a function of well width for different Sb fractions.
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 8 Figure 8 presents the absorption coefficients of 1-2 ISBT as a function of the wavelength for different indium concentrations of the 70 Å InxGa1-xAs0.075Sb0.025/GaAs quantum well at room temperature. As indium content
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 2 Figure 1. Conduction Band of the quantum well structure InGaAsSb/GaAs Figure 2. Quantum confinement potential and energy levels for electrons and holes for a set of 7 nm wide In0.35Ga0.65As0.97Sb0.03/GaAsQWs.
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 3 Figure 3. Calculated critical thickness (hc) of lnGaAsSb on a GaAs substrate.
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 4 Figure 4. Conduction band offset ΔEc in minimum Γ of InGaAsSb/GaAs.
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 5 Figure 5. Evolution of band gap energy of InGaAsSb/GaAs at room temperature.
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 6 Figure 6. The transition energy E12 as a function of well width for different values of Sb. The inset shows the transition energy E12 as a function of well width for different values of In.
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 7 Figure 7.The wavelength of the ISBT between subbands1 and 2as a function of well width for different Sb values. The inset shows the wavelength of the ISBT between subbands1 and 2 as a function of well width for different Invalues.
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 8 Figure 8.Variation of the absorption coefficient of 1-2 ISBT with the wavelength for different values of indium.
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 9 Figure 9.Variation of the absorption coefficient of 1-2 ISBT with the wavelength for different values of antimony.
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 10 Figure 10.Variation of peak response wavelength (blue)and absorption peak positions (red)of InGaAsSb/GaAs QW structure as a function of Sb contents.
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 11 Figure 11.Absorption spectra of In0.20Ga0.80As0.98Sb0.02 /GaAs structure as a function of wavelength for different well widths.
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 12 Figure 12. Effect of compressive strain on the peak response wavelength (left) of InGaAsSb/GaAs QW and the maximum absorption (right).

Figure 1 Figure 2 E

 12 Figure 1

Figure 3 Figure 4

 34 Figure 3

Figure 5

 5 Figure 5

  Figure 6

Figure 7 Figure 8

 78 Figure 7

Figure 9 Figure 10

 910 Figure 9

Figure 11

 11 Figure 11

Figure12

  Figure12

  8 234567 , 8 014567 , n 012367 , 8 012345 , 8 234567 , 8 014567 , are band gap and bowing parameters of the corresponding ternaries constituent, respectively.