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The ternary III-Nitride AlxGa1-xN ternary is one of the paradigm materials that have recently revolutionized lighting technology in the ultraviolet spectrum. A systematic investigation of the GaN-AlN system using ab initio evolutionary algorithm evidence that AlxGa1-xN alloys exist in ordered ground-state structure at ambient conditions. Cubic (AlGa3N4 (x=0.25), Al3GaN4(x=0.75)) and tetragonal (AlGaN2 (x=0.5)) are found thermodynamically quite or nearly stable. Computed elastic constants and phonons show that these phases are mechanically and dynamically stable. Using state-of-the-art LDA-1/2 approach we determine the direct band gap bowing of AlGaN alloys. We found a downward bowing parameter of b∼1.39eV over the entire composition range. Furthermore the optical band gap bowing is found composition-dependent. For x = 0.5, our theoretical analysis divulges that chemical effects are the main factor leading to b parameter.

Introduction

The group III-Nitride compounds based on wurtzite GaN, AlN, and InN and their alloys (InGaN, and AlGaN) are the paradigm semiconductors devices that have revolutionize lighting technology. This was recently recognized by the 2014 Nobel Prize in Physics awarded for the works on III-Nitride based blue light emitting diodes (LEDs).

One key of all of these devices is the ternary alloys AlxGa1-xN, which has been recognized for its usefulness in achieving optical emitting and absorbing devices in the region of ultra-violet (UV) to deep UV (3.4-6.2eV) by varying the Al composition.

A fundamental property when designing optoelectronic devices such AlGaN systems is the evolution of the fundamental direct energy gap Eg(x) with composition x, which is a prerequisite for band gap engineering in order to fulfill devices applications.

Unfortunately the variation of Eg(x) differs from the simplest Vegards linear 'law', but has a quadratic form, i.e., it exhibits bowing parameter b. Values for b in the literature ranges in between the two extrema: downward bowing (-0.8eV) [1], and upward bowing (2.6eV) [2]; whereas negligible bowing have also been reported [3]. This is most likely resulting from AlxGa1-xN alloys samples prepared by different growth techniques.

Theoretical studies have also produced a variety of values of bowing parameters [4][5][6][7][8][9][10][11][12] with the most reliable results clustered around 0.8-1eV [7][8][11][12]. To model pseudobinary alloys AxB1-xC accurate results can -in principle-be obtained with large supercells. Nevertheless, such an approach requires very large supercells [13][14][15][16][17][18] to adequately reproduce the statistics of random alloys. This difficulty can be overcome by the use of so-called special quasi-random structures (SQS) [19], which are ordered structures designed to mimic the radial correlation functions of an infinite random structure.

In the present study, we opted for a novel strategy to describe accurately the band gap dependence on Al composition of AlGaN alloys. We use an evolutionary approach within the density functional theory (DFT) to extensively explore the possible crystal structures stabilities of the GaN-AlN alloys at ambient conditions. We also analyse the band gaps and the optical band gap bowing of AlGaN alloys.

Methodology

To find all potential structures in the ternary GaN-AlN phase diagram, we performed an extensive computational search for stable compounds using the evolutionary algorithm approach as implemented in Material project database [20][21] using DFT [22] and plane-wave basis Quantum ESPRESSO Package code [23] within the linearized density approximation (LDA) [24] in the framework of the projectoraugmented wave pseudopotential scheme (PAW) [25]. We used a plane-wave cutoff energy of 60 Ry, and an energy cut-off of 500 Ry was included for the charge density.

The Brillouin zone was sampled at a higher level of accuracy using a finer Monkhorst-Pack [MP] [26] mesh of 10×10×8 for AlGaN2 and 12×12×12 for AlGa3N4 and Al3GaN4. The phonon properties are calculated using the density functional perturbation theory (DFTP) [27]. A 4 × 4 × 3 and 2 × 2 × 2 q-points MP mesh has been used to perform inverse Fourier transformation for AlGaN2 and AlGa3N4, Al3GaN4 respectively. Structural relaxations proceed until all forces on atom were less than 1meVÅ -1 . The total energy was converged to within 1meV/cell.

Results and Discussion

As one result of the high-throughput computational search, we identified three new nearly stable AlxGa1-xN alloys: AlGa3N4 (i.e., x = 0.25, cubic phase, space group P-43m), AlGaN2 (i.e., x = 0.5, tetragonal phase, space group P-4m2), and Al3GaN4 (x = 0.75, cubic phase, space group P-43m). For all the predicted structures shown in Figure 1, the corresponding structural information is listed in Table I.

Thermodynamic stability of the AlGaN alloys can be assessed by determining the alloy formation enthalpy defined as:

ΔH = E(x) -(1-x) E(GaN)-x E(GaN)
Where E(x) is the total energy of the alloy at composition We further studied mechanical properties of the GaN-AlN system. Table II summarizes the calculated elastic constants Cij of wurtzite GaN and AlN compounds and AlGaN alloys. The WZ phase of GaN and AlN, which have a stable phase at room temperature, meets the mechanical stability criteria. Moreover, the new thermodynamically stable phase of AlGaN alloys (AlGa3N4, AlGaN2, and Al3GaN4) satisfies also the Born stability criteria. We now analyze the band gap dependence of AlxGa1-xN on Al composition x. It is well known the systematic underestimation of the band gaps by the DFT. To avoid this 'handicap', we then used the LDA-1/2 method [START_REF] Ferreira | [END_REF]. This approach competes well with more advanced method such as GW quasiparticle approach [32]. We obtain a direct band gap of 3.39 eV and 6.16eV for GaN and AlN respectively, which is within the range of experimentally measured gaps (3.50eV [28] for GaN, and 6.19eV [33],

6.23eV [28] for AlN). The nonlinear dependence of the direct band gap energy (Γ→Γ) on the Al content is shown in Figure 3. We found a bowing parameter of b ∼1.39 eV for the entire range of alloy composition. Moreover, the optical band gap bowing is found composition-dependent (b = 1.26 eV, 1.37eV and 1.60eV for x = 0.25, 0.5 and 0.75 respectively).

Since the determination of b originates mainly from the band gaps of the global stable crystal phases found for AlGaN alloys, we may expect an acceptable relative accuracy concerning our calculated direct band gap bowing. Our results are consistent with the measured bowing of 1 eV [34][35], 1.3±0.2 eV [36], and 1±0.3 eV [37]. To understand the physical origins of b parameter (i.e., having structural and electronic components), we determine the three physically distinct contributions of b [13]. This latter can composed into: volume deformation (VD), charge exchange (CE) and structural relaxation (SR), i.e., b=bVD+bCE+bSR. At x = 0.5, we found bVD=0.18 eV, bCE=1.17 eV and bSR=0.02 eV. The chemical component bCE is large; whereas the structural piece bSR+bVD∼0.25eV is relatively small. Given the relative strong electronegativity mismatch (EM) of Ga and N ( ∼12%, using Pauling's scale [START_REF] Sargent | Tables of Periodic Properties of the Elements[END_REF]), bCE scales with EM, while the structural component can be correlated with the weak mismatch of the lattice constants (a) of the corresponding binary GaN and AlN (∼2%).

Conclusion

In summary using ab initio evolutionary method we explored stable structures of AlGaN alloys. Three thermodynamically nearly stable structures at x = 0.25 (cubic-AlGa3N4, space group P-43m), x = 0.5 (tetragonal-AlGaN2, space group P-4m2) and x = 0.75 (cubic-Al3GaN4, space group P-43m) were discovered. Furthermore the cubic (AlGa3N4 and Al3GaN4) and the tetragonal (AlGaN2) phases are found mechanically and thermodynamically stable at ambient conditions. State-of-the-art LDA-1/2 approach was used to determine the band gaps of AlGaN alloys. We found a direct band gap bowing parameter b of 1.39eV over the entire composition range. Moreover b is found to be composition-dependent. Our analysis evidence that the bowing parameter for x = 0.5 mainly arises from chemical effects.

Table Captions

Table I: Calculated equilibrium structural parameters, and band gaps for GaN, AlGa3N4, AlGaN2, Al3GaN4 and AlN.

Table II:

The calculated elastic constants (GPa) of GaN, AlGa3N4, AlGaN2, Al3GaN4 and AlN. b Ref. [START_REF]Semiconductors: Data Handbook[END_REF]. 

Figure Captions

  x, and E(GaN) and E(AlN) are the total energy of wurtzite (WZ) GaN and AlN respectively. The calculated ΔH (x=0.25), ΔH (x=0.50), and ΔH (x=0.75) are 2meV, 7meV and 3meV respectively. The positive sign of ΔH indicates that the ground state of these alloys at T = 0 corresponds to phase separation into the binary compounds GaN and AlN. However, the magnitude of ΔH is remarkably very weak, suggesting that AlGa3N4 (x=0.25), AlGaN2 (x=0.5), and Al3GaN4 (x=0.75) alloys are only marginally unstable with respect to WZ binary compounds GaN and AlN.

  The calculated phonon dispersion curves of cubic (AlGa3N4, and Al3GaN4) and tetragonal (AlGaN2) phases of AlGaN alloys are shown in Figure2. No imaginary frequencies are detected in the whole Brilloun zone, for all phases, indicating the dynamical stability of AlGa3N4, AlGaN2 and Al3GaN4 ordered structures of AlGaN alloys.

Figure 1 :

 1 Figure 1: Crystal structures of AlxGa1-xN alloys: a) WZ-GaN, b) AlGa3N4, c) AlGaN2, d) Al3GaN4 and e) WZ-AlN.

Figure 2 :

 2 Figure 2: Phonon band structure and phonon density of states (PDOS) of a) AlGa3N4, b) AlGaN2, and c) Al3GaN4.
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 3 Figure 3: Band gap dependence of AlxGa1-xN on Al molar fraction x.
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Table I

 I 

	Phase	a(Å)	c/a	Space group	Eg(eV)
	GaN	3.164	1.627	P63mc	3.39
		3.189 a	1.626 a		3.507 a
	AlGa3N4 4.437		P-43m	3.85
	AlGaN2 3.117	1.41	P-4m2	4.43
	Al3GaN4 4.372		P-43m	5.17
	AlN	3.088	1.600	P63mc	6.16
		3.112 a	1.601 a		6.23 a

a Ref.

[28]

.