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ABSTRACT

BN-AIN alloys are potential candidates to achieve wide band gap material for ultraviolet
device applications. By combing density functional theory and evolutionary structure
predictions, we systematically explore the thermodynamic, mechanical, dynamical and optical
properties of RAl1xN alloys. Through structure search, three compounds (cubiggAdnd
B3AIN,4, space groupP-43m), and tetragonal (BAHN space groupP-42m)) have been
predicted. The calculated relative large formation enthalpies suggest that large miscibility gap
exists in BAIN alloys. In addition, computed elastic constants and phonon show that these
structures are mechanically and dynamically stable. From the state of the art LDA-1/2 we
show that the direct band gap of BN-AIN evinces strong deviation from a linear dependence
on B composition. We found -in particular- giant direct band gap bowing parameter of
b[111.6eV for the entire range of composition, whiengarameter is found to be sensitive to
compositiornx. From a detailed analysis of the physical origin of the optical gap bdwyving

found that structural and chemical contributions play the most significant effects behind the

huge optical band gap bowing parameter of BAIN alloys.
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1 Introduction

InGaN and AlGaN ternary IlI-V alloys based on witgzAIN, GaN and InN have recently
revolutionized lighting industry and paved the way efficient visible and ultra-violet light
emitting diodes (LEDs). This was awarded the 20b%é price of Physics.

Compared to the well-studied 1lI-V-N (AlGaN, InGaNIInN) alloys, the research involving
common-anion nitride based ternary alloys such,&4,BN is still at its early stage. Recently
wurtzite BAIN alloys have been the subject of saVexperimental [1-4] and theoretical [5-6]
studies.

A fundamental property while designing optoelecitotevices of semiconductors alloys is
the variation of the fundamental direct energy @gfx) with compositionx, which is a
prerequisite for band gap engineering in orderulfillf devices applications. Unfortunately
the variation oEgy(x) differs from the simplest Vegard’s linear ‘lawdut has a quadratic form,
i.e., it exhibits bowing parametdr Traditionally to model such alloys, two methods a
currently used: (i) virtual crystal approximatioviCGA), and (ii) supercells methods. Methods
such as VCA are disqualified for any serious statigemiconductors alloys [7]; whereas by
means of methods such as (ii) accurate results-icaprinciple- be obtained with large
supercells. Nevertheless, such an approach requergdarge supercells [8-13] to adequately

reproduce the statistics of random alloys.

In the present study, we opted for a novel strategylescribe accurately the band gap
dependence on B composition ofGy N alloys. We use an evolutionary algorithm within
the density functional theory (DFT) to find all pdde stable phases in the BAIN alloys at
ambient conditions. We also analyse the band gagos the optical band gap bowing
parameter of BAIN alloys. In addition, the mechahiand dynamical properties of BAIN

alloys will be also discussed.



2 Computational details

Using the evolutionary algorithm approach as im@etad in Material project database [14-
15] we explore all possible state phases of BAIMyal In the framework of density
functional theory (DFT) [16] using a plane-wave ibaset. The underlying total-energy
calculations were carried out by the Quantum ESFSEBackage code [17]. The exchange-
correlation term was approximated by the linearidedsity approximation (LDA) [18]. The
interaction between the ions and the electronslaseribed by the projector-augmented wave
pseudopotential scheme (PAW) [19]. We used a pleane energy cut-off of 65 Ry, and an
energy cut-off of 600 Ry was included for the cleadgnsity. The Brillouin zone integrations
was sampled at a higher level of accuracy usingex Monkhorst-Pack [MP] [20] mesh of
10x10x8 for BAIN and 12x12x12 for BAN, and BAIN4. The phonon properties are
calculated using the density functional perturbatibeory (DFTP) [21]. A 4 x 4 x 3,

2 x2x 2 and 2 x 2 x g-points MP mesh has been used to perform inversgidfo
transformation for BAIN, BAIsNs, and BAIN,4 respectively. The atomic positions, lattice
parameters and cell volume were fully relaxed uhi# forces on each atom were less than

1meVA™. The total energy was converged to within 1meV/cel



3 Results and Discussion

The analysis of the evolutionary algorithm givelssaof three candidate phases of,AB.\N
alloys: BAkLN4 (x = 0.25, cubic phase, space grd&g3m), BAIN, (x = 0.5, tetragonal phase,
space groug?-4m2), and BAIN,4 (x = 0.75, cubic phase, space grdeq@3m). For all the
predicted structures shown in Figure 1, the comedmg structural information is listed in
Table I.
The calculated lattice constaat andc/a ratio of wurtzite (WZ) BN and AIN are in good
agreement with experimental measurements. Figudésfdays the variation of the lattice
parametern and the lattice constant ratita versus the composition Small deviations from
Vegard-like law is found. The calculated bowing frand c/a are [D.11A and[D.60
respectively.
Thermodynamic stability of BAIN alloys is quantifieby determining the alloy mixing
enthalpy defined as:

AH = E(X) - (1%) E(AIN)- x E(BN)
WhereE(x) is the total energy of the alloy at compositigrandE(AIN) and E(BN) are the
total energy of WZ AIN and BN respectively. Figueshows the alloy formation enthalpy
AH. The positive sign oAH indicates that the ground state of these alloyg & O
corresponds to a tendency to phase separationpime WZ constituents BN and AIN.
Moreover, the magnitude ofH is relatively strong (i.e., fox = 0.5, AH = 170meV)
suggesting that large miscibility gap can exighis system.
The mechanical properties of BN-AIN alloys weretligr studied. The calculated elastic
constantsC; of wurtzite BN and AIN compounds and BAIN alloys gresented in Table 1.
The WZ phase of BN and AIN, which have a stablesphat room temperature, meet the
mechanical stability criteria. Furthermore, thecaddted elastic constants of BRl;, BAIN,,
and BAIN 4, compounds satisfy also the Born stability criteria
The bulk modulusB, (calculated from the elastic constants), shearuiso@), Young's
modulus E) and Poisson’s ratia/f are given in Table lll. Figure 4 manifests th@wche ofE,
Bo andG with compositiorx. The composition dependenceBgfis sublinear; whereds, and
more preciselyE, shows significant superliner dependence on coitipos(i.e., strong
deviation from VCA). Moreover, the Poisson’s ratids found rather relatively indifferent
with respect to compositior. In order to evaluate the ductility of the materite By/G

values were calculated and are listed in Table Higher By/G values greater than 1.75



corresponds to a ductile material;, while values kan 1.75 correspond to a brittle material.
As shown in Table lll, except AIN which indicateatithis compound is a borderline material,
for all other phaseBy/G values are less than 1.75, which reflects a érittiaracteristic of
those compounds.
The dynamical stability of cubic (BAMN,, and BAIN,) and tetragonal (BAIY phases of
BAIN alloys was tested from the calculation of {ii@onon dispersion curves along the high-
symmetry lines (Figure 5). All frequencies are real, no imaginary phonon frequencies are
found in the whole Brillouin zone for all phasesjicating the dynamical stability of BM,
BAIN,and BAIN 4 ordered structures of BN-AIN systems.
Here we discuss the band gap dependenceAdf BN on B composition. It is well known that
DFT underestimates severely the band gap 9g-500%, that's why we used the LDA-1/2
method [28]. This approach competes well with madvanced method such as GW
guasiparticle approach [29]. We obtain a directdogap of 6.16eVI{- ") for WZ AIN that
is within the range of experimentally measured gé&ps9eV [30], 6.23eV [22]). For WZ BN,
we obtain a direck - I (indirect,I’ -~ K) band gap of 10eV (7.18eV). No experimental data
are available so far. However, our calculatedrextiband gap is close to GW calculations of
6.86eV [31] and scissor operator method of 6.8V [5
Figure 6 shows the resulting calculated changerettiband gap enerdy, (I - ') for B,Al;.
xN alloys as function of composition The band gap bowing representing the deviatiom fr
a linear interpolation of the component band gdpBN and AIN was calculated according
to:

Eg(X) = (1%) Eg(AIN)- X E4(BN)-b x (1-X)
The values ofEg(x) deviates from the linear behavior (i.e., the Mdga law) and is
characterized by the bowing paramdieThe band gap bowing parameter for the direct band
gap is found giantb(= 11.62eV) for the entire range of compositioneTdalculated is
similar to other 111-V-N mixed anion semiconductdesg., GaAsN, InAsN... [7, 22]). This is
in contrast to common llI-V semiconductors (e.gaAB\s), where it is relatively weak and
composition-independent. Our results are consistéht the calculated bowing parameter of
8.55eV [6].
To understand the physical originslofi.e., having structural and electronic compongnte
determine the three physically distinct contribogoof b [8]: volume deformation (VD),
charge exchange (CE) and structural relaxation .(SRe VD term represents relative

response of (AIN)BN to hydrostatic pressure fromirtlequilibrium volumeVgan(Ven) to the



alloy V(x). The CE term is related to a charge transferimging AIN and BN atv=V(x), and
the SR term describes the change of the gap upssingafrom the unrelaxed to the relaxed
alloy, i.e.,V(x) - Veq The total optical band gap bowinghbsbyp+bcetbsr At X = 0.5, we
found byp = 4.88eV,bce = 3.64eV, andsg = -0.01eV yielding a total bowing parameter of
8.51eV. The volume deformation contributiby is giant and can be correlated to the large
mismatch of the lattice constardasof BN and AIN (20%). The chemical electronegativity
term bce is strong and scale with the strong electronemgtimismatch between B and Al
atoms. Using Pauling”’s electronegativities of 20wl 1.5 for B and Al atoms respectively,
we have an electronegativity mismatch of 0.54 fehlBThe bowing contribution due to the
structural relaxation terrbsg is negligible. As found previouslsr gives weak contribution
to mixed cation alloys [8]. According to our calatdd total optical band gap bowing
parameter ax = 0.5 p = 8.51eV) and[111.6eV for the entire range of composition, we can

expect thab depends strongly on compositien



4 Conclusion

In summary, a systematic search for stable commimBN-AIN alloys has been carried out
using ab initio evolutionary algorithm. We have uncovered threacstires, cubic BAN,
(space grou-43m) and BAIN 4 (space group-43m) and tetragonal BANspace group-
4m2). All those phases are thermodynamically umsthlit mechanically and dynamically
stable. State-of-the-art LDA-1/2 approach was ueeatktermine the direct band gap QAB .

xN alloys. We found an extreme optical band gap bgwparameter ob111.6eV over the
entire range of composition. Furthermdres found composition-dependent. Our analysis

evidences that parameter fox = 0.5 mainly arises from structural and chemicétgas.
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Table Captions

Table I: Calculated equilibrium structural parameters, At¥, BAI3sN4, BAIN,, BsAIN4 and
BN.

Table Il: Calculated elastic constants (in GPa) of AIN, 8l BAIN,, BsAIN, and BN.
Table 111 : Calculated bulk modulu, (in GPa), Young’s modulus (GPa), shear modul(

(in GPa), Poisson’s ratw (GPa) andBy/G.

Figure Captions

Figure 1. Crystal structures of ,Bl1.\N alloys: a) WZ-AIN, b) BA}N,, c) BAIN,, d) BsAIN4
and e) WZ-BN.

Figure 2. Calculated lattice constaat lattice ratioc/a of B,Al1xN alloys as function of B
composition.

Figure 3: Calculated formation enthalpy of&1.\N alloys.

Figure 4. Calculated bulk moduluB, (GPa), Young's modulug (GPa), and shear modulus
G (GPa) as function on B composition.

Figure 5. Phonon band structure and phonon density of S@®®O0OS) of a) BAN,, b)
BAIN,, and c) BAIN 4.

Figure 6: Band gap dependence ofA;xN on B composition.
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Table |

Phase a(A) c/a  Spacegroup
AIN 3.088 1.600 P6smc
3.117 1.60%F
BAIsN,  4.162 P-43m
BAIN, 2.774 1.475 P-4m2
B:AIN, 3.791 P-43m
BN 2.525 1.653 P6smc
2.55% 1.656
“Ref.[22].
PRef.[23].
Table Il
Cu Cp Cis Cas Cay Ces
AIN 399 146 114 367 115 126.5
Expt.? 411 149 99 389 125 131
BAI3N, 371 183 212
BAIN, 596 41 182 593 223 103
BsAIN,4 586 204 313
BN 986 146 65 1097 345 420
Calc” 987 143 70 1020 369 422
*Ref [24].

PRef.[25].
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Table Il

Bo E G % By/G

AIN  212(208) 311 124 0.25 1.71

BAI,N, 246 380 153 0.24 1.61

BAIN, 282 460 187 0.23 1.51

BAAIN, 332 612 257 0.19 1.29

BN  402(418) 908 404 0.12 0.99
Ref.[26].

PRef.[27].
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Figure 1

Figure 2
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Figure 3

Formation Enthalpy (eV/atom)

Figure 4
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Figure 5
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Figure 6
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