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Quantum well width and barrier Thickness effects on the perpendicular transport in polar and non-polar oriented AlGaN/GaN Resonant Tunneling Diodes
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In this study, we theoretically investigated the electronic properties of resonant tunneling diodes (RTDs) grown along the polar and non-polar orientations by using the self-consistent solution of the coupled Schrödinger and Poisson equations. Based on the transfer matrix formalism, the effects of the geometrical parameters on the current-voltage characteristics of Al0.2Ga0.8N/GaN RTDs we analyzed by varying GaN well width and Al0.2Ga0.8N/GaN barrier thicknesses. The results show that the characteristics of polar and nonpolar Al0.2Ga0.8 N/GaN RTD strongly depend on the barrier and well size; showing a strong decrease in peak and valley current density and a large PVR enhancement when increasing well and barrier thickness. To bring interesting RTD electrical characteristics, a comparison between the polar and non-polar Al0.2 Ga0.8N/GaN RTD was performed. non-polar oriented RTDs show better electronic characteristics, including higher peak current density ( ), smaller peak voltage ( peak), and greater pic-to-valley ratio (PVR), than polar ones

I. INTRODUCTION

In the last few years, terahertz (THz) emission sources have been the subject of much research thanks to their many applications in various sectors such as information and communication technology [START_REF] Lee | A Compact RTD-Based Push-Push Oscillator Using a Symmetrical Spiral Inductor[END_REF], radar and security [START_REF] Daneshmandian | Numerical modeling of highly sensitive resonant detection of THz radiation using a multichannel dispersive plasmonic HEMT[END_REF], and medical sciences [START_REF] Ouchi | Terahertz imaging system for medical applications and related high efficiency terahertz devices[END_REF]. Resonant tunneling diodes (RTDs), with their high cut-off frequency and excellent output power performance, present a promising candidate for THz sources [START_REF] Gao | Influence of the heterojunction spacer on the performance of AlGaN/GaN/AlGaN resonant tunneling diodes[END_REF]. Particularly, the THz oscillator, based on gallium nitride (GaN), is considered one of the most efficient electronic devices to date, owing to the excellent properties of GaN [START_REF] Lin | III-nitrides based resonant tunneling diodes[END_REF][START_REF] Rached | Self-consistent vertical transport calculations in AlxGa1-xN/GaN based resonant tunneling diode[END_REF]. In fact, such properties include wide bandgap energy, high carrier mobility, high electron peak velocity, high thermal stability, and saturation electron velocity. The highest resistive cut-off frequency of an RTD, which is dependent on the peak-to-valley (PVR), is theoretically the maximum operating frequency of the oscillator and represents an advantage of the output power [START_REF] Gao | Influence of the heterojunction spacer on the performance of AlGaN/GaN/AlGaN resonant tunneling diodes[END_REF]. Therefore, the recent works of GaN-based RTD are mainly focused on raising the peak current, reducing the valley voltage, and enhancing the PVR.

Based on the formalism of the transfer matrix, the authors of references [START_REF] Rached | Self-consistent vertical transport calculations in AlxGa1-xN/GaN based resonant tunneling diode[END_REF][START_REF] Sakr | Ballistic transport in GaN/AlGaN resonant tunneling diodes[END_REF] investigated the influence of barrier thicknesses and well widths as well as the effect of aluminum concentration on the evolution of the current characteristics and the device performance of GaN-based RTDs. In the same context of improving the electronic properties of RTDs, Rong and al. [START_REF] Rong | Performance of resonant tunneling diodes based on the nonpolar-oriented AlGaN/GaN heterostructures[END_REF] investigated the influence of growth orientation of AlGaN∕GaN RTDs on the current-voltage (J-V) characteristics and they proved that the current peak and the PVR of non-polar RTDs AlGaN∕GaN are higher than polar ones. In this paper, we will use our self-developed code to first simulate the conduction band profile in polar and non-polar 

- ℏ * + U z φ ! z = E ! φ ! z (1) 
with m % * z , φ ! z and E ! represent the reduced effective electron mass, the wave function, and the energy level of the n () subband, respectively. U(z) is the potential energy of the electron which is expressed as follows:

U z = ∆E + z + V -z + V %.( (2) 
with ∆E + z is the conduction band discontinuity, V %.( is the external bias applied to the structure and V -z is the Hartree potential along the z-direction which is determined by solving Poisson's equation:

/-ε z V -z + P (2( z 3 = q5N 7 z -n z 8 (3)
N 7 z is the doping concentration, n(z) is free-electron concentration, ε(z) is the dielectric constant along the zdirection, and P (2( z is the total polarization. Furthermore, it is important to note that the total polarization P (2( z is the sum of both piezoelectric and spontaneous polarization.

However, the total polarization effect in the non-polar orientation is canceled because both the electric field direction and growth plane direction are perpendicular, and then the Poisson equation will be expressed as follows:

/-ε z V -z 3 = q5N 7 z -n z 8 (4) 
To calculate the Hartree potential V -z , Poisson's equation is solved from an initial estimated value of the charge density 9 :;;<= > , and then it is inserted into equation( 1) to obtain the energy levels E ! and the wave functions φ ! of the simulated system. Afterward, these eigenstates and wave functions are utilized in the calculation of the new electron charge density through the total electron concentration which is given as follows:

n z = ∑ n ! @φ !,B C z @ ! (5) 
n ! = * B D E Fℏ log 1 + exp N O PN Q B D E (6) 
where k S is Boltzmann's constant and E T is the Fermi level

In the last few years, theorists have proposed several approaches to model the tunneling current density J-V, most notably the approximation of Wentzel-Kramers-Brillouin (WKB) [START_REF] Huang | Wentzel-Kramers-Brillouin method in multidimensional tunneling[END_REF], the Green's function [START_REF] Akdoğan | Green function of discontinuous boundary-value problem with transmission conditions[END_REF], and the transfer matrix formalisms [START_REF] Rached | Self-consistent vertical transport calculations in AlxGa1-xN/GaN based resonant tunneling diode[END_REF][START_REF] Sakr | Ballistic transport in GaN/AlGaN resonant tunneling diodes[END_REF]. In this paper, we have adopted the formalism of the transfer matrix, which is appropriate for the treatment of any arbitrary potential energy profile. This method is based on the discretization of the energy potential V -z into small sections of potentiel V -U z V . For a discretized section i, the wave function in-plane wave form is expressed by:

φ V z V = A V e XB Y Y + B V e PXB Y Y (7) 
with A i and B i representing the transmission and reflection coefficients respectively and
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is the wave vector. A i and B i are found by matching φ and
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at each i interface, Therefore, the wave coefficients for two consecutive meshes i and i+1 can be related to the transfer matrix as below:
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Using this Transfer matrix, we can calculate the probability of transmission, which is defined as the ratio between the transmitted and incident electron flow:

T E = @l m @ n m o m |l q | n q o q (10) 
It can be also noted that this transmission probability is determined by a plane-wave function system considering both incidents and reflected waves at each point of a discrete mesh and including the boundary-limiting conditions. Furthermore, according to Tsu-Esaki's formalism [START_REF] Tsu | Tunneling in a finite superlattice[END_REF], the current density can be defined as a function of the applied voltage after the integration in the longitudinal energy: [START_REF] Akdoğan | Green function of discontinuous boundary-value problem with transmission conditions[END_REF] where m % * , E T and V %.( represent the reduced electron effective mass, the Fermi energy, and the applied voltage, respectively. Based on the theoretical formalism and the set of equations, detailed above, we will study the mechanism of tunneling transport in polar and non-polar Al0.2Ga0.8N/GaN
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heterostructures and analyze their dependence on geometrical parameters such as the well width and barrier thickness.

III. SIMULATION RESULTS

The RTD structure studied is composed of an undoped well bordered by two The results obtained also show that only one quantum level is confined for both polar and non-polar orientation. Hence, by increasing the GaN well width the quantum level becomes deeper and shifts to the low-energy (table I).

In the following section, we will study the variation of current density versus GaN well width Lw 19^≤ ' ' ≤ 29^ . We can explain the origin of this high peak current density in the non-polar orientation by analyzing the tunnel current density expression that depends on both the electron's effective mass m* [START_REF] Encomendero | New tunneling features in polar III-nitride resonant tunneling diodes[END_REF] and the maximum transmission probability Tmax [START_REF] Sun | Resonant tunneling diodes: Models and properties[END_REF] :

J "%• ≅ % * F)
. T -. . ∆E. E T [START_REF] Tsu | Tunneling in a finite superlattice[END_REF] In fact, the order of magnitude of both the effective electron mass and the maximum transmission coefficient, according to the literature [START_REF] Rong | Performance of resonant tunneling diodes based on the nonpolar-oriented AlGaN/GaN heterostructures[END_REF], is greater in the nonpolar orientation than in the polar one which explains the increase of peak current.

Nevertheless, the reduction in the valley current appears stronger than that of the peak current, resulting in a great enhancement of the PVR values. For example, in polar RTD the PVR value varies from 1.62 for a well width of 1 nm to 2.91 for 2 nm well width. The PVR enhancement is most noticeable in the case of non-polar orientation witch increases from 2.08 for a well width of 1 nm to 4.74 for a well width of 2 nm. The obtained results are summarized in Table II.. These results are consistent with those of the references [START_REF] Rached | Self-consistent vertical transport calculations in AlxGa1-xN/GaN based resonant tunneling diode[END_REF][START_REF] Dakhlaoui | Piezoelectric polarization and quantum size effects on the vertical transport in AlGaN/GaN resonant tunneling diodes[END_REF].In fact, the authors of the latter references have shown that the PVR in the current density profile is reduced and the current peak is shifted to a lower bias voltage by increasing the quantum well width for a specified barrier value. . barrier and GaN quantum well become more important as the thickness of the barrier increases. The latter involves the shifting of central QW resonance levels far from the edge of the conduction band and the appearance of a more important depletion region for polar RTDs which leads to a reduction of the resonance intensity peak. The latter reaches a minimum of 0.13 × 10 • A. cm P for a 2 nm barrier thickness and a maximum of 18.23 × 10 • A. cm P for a 1 nm barrier thickness in the case of polar RTDs. This peak current will be more important in the case of non-polar RTDs, ranging from 7.39 × 10 • A. cm P for the 2 nm barrier thickness to 31.1 × 10 • A. cm P for 1 nm (Table III). Peak Positions and PVR values as a function of barrier thickness for polar and non-polar orientation Al0.2Ga0.8N/GaN RTDs However, the PVR values are highly enhanced as the barrier thickness is increased, since the valley current decreases faster than the peak current. For polar RTD, the PVR increases from 2.93 for a barrier thickness of 1 nm to 5.48 for a barrier thickness of 2 nm, and this increase remains greater for nonpolar RTD, which ranges from 4.45 for a barrier thickness of 1 nm to 34.95 a barrier thickness of 2 nm. Besides, the positions of the valley and the peak voltage shift to the high voltage caused by the decrease in the electron probability transmission. This enhancement of PVR in the non-polar orientation and especially at a barrier width of 2 nm may be explained based on the following expression [START_REF] Tsuchiya | Precise control of resonant tunneling current in AlAs/GaAs/AlAs double barrier diodes with atomically-controlled barrier widths[END_REF]:

J = J ¢E + J N£ ( 13 
)
where JRT and JEX are the tunneling resonance current and the excess residual current, respectively. The J ¢E is highly dependent on the peak current, as mentioned above.JEX represents a part of the valley current JV, and it is also 

  . such simulation is done by solving the coupled Schrödinger and Poisson differential self consistently using the finite differential method[START_REF] Tan | A selfconsistent solution of Schrödinger -Poisson equations using a nonuniform mesh[END_REF] and taking into account the piezoelectric and spontaneous polarization fields in the case of polar RTDs. Transmission coefficient and tunnel current are calculated through the formalism of the transfer matrix supposing ballistic transport[START_REF] Sakr | Ballistic transport in GaN/AlGaN resonant tunneling diodes[END_REF].Then we will focus on analyzing and comparing the evolution of the calculated current-voltage (J-V) characteristics, by varying the GaN quantum well width and barrier thickness, for both orientation cases. This work will enable us to improve the performance of the diode such as the peak current, valley current, and PVRs and also to show that the performance enhancement of non-polar RTDs is more obvious than that of polar RTDs II. THEORETICAL FORMULATION Numerical modeling of RTD is a practical solution for understanding theory and helping experimenters to analyze their observations. The procedure for calculating the conduction band profile and free-electron distribution is based on solving self-consistently the coupled Schrödinger-Poisson equations along the quantization axis (oz). The Schrödinger equation along the direction of the quantization axis (oz) is as follows:
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  barriers and delimited by undoped layers acting as a spacer. This active region is sandwiched between two n-doped layers ( 9 = 5 × 10 Ž^P • . The condition band profile of RTD grown along the polar and non-polar orientations is shown in fig.1.

Fig. 1 .

 1 Fig. 1.Figure 1: Al0.2Ga0.8N/GaN conduction band profile in the cases of polar (red lines) and non-polar (black lines) orientation In the case of nonpolar RTD, this condition band is symmetric and no depletion region is formed. However, the internal polarization which characterizes the polar RTD leads to the formation of a two-dimensional electron gas (2DEG) specified by a shallow triangular well between the left barrier and the emitter, and a depletion region on the right side of the active zone. The influence of this internal polarization is not only limited to the conduction band profile but also affects the RTD's electronic characteristics, such as the current voltage characteristics and the PVRs.
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  barrier thickness is fixed at 1.5 nm. The observation of thecharacteristics in the polar (fig.2(a)) and nonpolar (fig.2(b)) orientations shows that the resonance peak progressively shifts to a lower voltage as the well width increases. This can be explained by the dependence of the confined quasi-bound state on the well width. In fact, as the well width (Lw) increases, both resonant and Fermi levels become more closely spaced, which requires less external bias to reach resonance. Besides, we note that the intensity of the peak and valley currents corresponding to the non-polar orientation is always greater than that of the polar one.

Fig. 2 .

 2 Fig. 2. Variation of J-V characteristics in polar (a) and non-polar (b) orientations for different quantum well widths

Fig. 3 .

 3 Fig. 3. Variation of J-V characteristics in polar (a) and non-polar orientations (b) for different barrier thicknesses

  34.95 dominated by thermionic current, that can be determined by the barrier height., The reduction in height of the barrier in the non-polar orientation compared to the polar one can lead to an increase in JEX, thus raising the JV.Nevertheless, this decrease in barrier height is much smaller than the effective mass and the transmission coefficient increase. This means that the rise in the peak current is more important than the increase in the valley current which explains the high PVR in the non-polar orientation.IV. CONCLUSIONIn conclusion, we investigated self-consistently the effects of quantum well width and barrier thickness on the conduction band profile and current-voltage characteristic in polar and non-polar oriented Al . Ga . N/GaN RTDs.The results revealed, in both polar and nonpolar grown orientations, that decreasing of the well and the barrier width enhances reduces the PVR and increases the peak and valley current density by shifting them towards lower bias voltages. However the nonpolar Al . Ga . N/GaN RTD exhibited an improvement in these electronic characteristics compared to polar Al . Ga . N/GaN RTD, notably higher peak current density, lower peak voltage, and higher PVR. From our point of view, this work can be very beneficial for designing terahertz devices based on the J-V characteristics of GaN RTDs

TABLE I .

 I Confined energy level values in the Al0.2Ga0.8N/GaN RTDs for different well widths.

	Orientation		Polar			non-polar	
	well width(nm)	1	1.5	2	1	1.5	2
	Quasi-Bound	0.38	0.35	0.23	0.3	0.25	0.16
	State (eV)						

TABLE III .
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