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This study, utilizing full-potential linear muffin-tin orbital (FPLMTO) calculations within 

density functional theory (DFT), delved into the structural properties of zinc-blende 

GaAs1-xNx alloys. By varying the nitrogen concentration (x= (0.125, 0.083, and 0.063), we 

observed deviations from Vegard's law for lattice parameters and nonlinear behavior of the 

bulk modulus. The band gap bowing was primarily attributed to volume deformation 

effects, as elucidated by the Ferhat approach. Our findings demonstrate that the electronic 

and structural properties of GaAs1-xNx are strongly influenced by the nitrogen 

concentration. These variations present exciting opportunities for bandgap engineering and 
the design of wide-bandgap optoelectronic devices. 
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I. INTRODUCTION 

Dilute nitride alloys, such as GaAs₁₋ₓNₓ and GaSb₁₋ₓNₓ, 

have emerged as promising materials for infrared optoelectronic 

devices, particularly for telecommunications applications 

including solar cells [1], long-wavelength light-emitters (1.3 μm–

1.55 μm), and tunable photodetectors [2-8]. These alloys offer 

unique properties, notably a significant reduction in their bandgap 

energy, rendering them highly attractive for various applications 

[9-10]. This band gap reduction is primarily attributed to the 

incorporation of a small amount of nitrogen [11] (typically less 

than 5%) into III-V compounds [12-14]. This phenomenon, 

known as "bowing," is linked to the strong curvature of the 
relationship between alloy composition and bandgap energy that 

has been experimentally observed for some dilute nitrides such as 

GaPN [15], [16], InPN [17] and GaAsN [18]. The "bowing 

factor," a key characteristic of these materials, is influenced by 

factors such as the electronegativity and atomic radius of nitrogen 

compared to those of arsenic [19].  

While the band gap of a typical mixed compound exhibits 

a linear relationship with composition, as described by Vegard's 

law, certain materials, like GaNAs, GaInNAs, and GaNP, deviate 

significantly from this behavior, exhibiting a large band gap 

bowing with a bowing coefficient as large as 20 eV [20]. This 

anomalous decrease in band gap, often termed "large band gap 

bowing," has been extensively studied using theoretical and 

computational methods [21-32]. To gain a deeper understanding 

of the factors influencing this bowing effect, theoretical and 

computational methods have been extensively employed. 

However, the underlying mechanisms remain elusive. 

To explore the underlying causes of this bowing 

phenomenon, measurements and calculations on semiconductor 
alloys indicate that the band gap energy deviates from the linear 

behavior given by Vegard's law [33], termed 'large band gap 

bowing'. The magnitude of the bowing factor varies significantly 

among different alloys and its physical origins are not fully 

understood. Our phenomenological model aims to elucidate these 

factors by investigating the structural properties of III-V ternary 

alloys containing nitrogen in zinc blend structure. To better 

understand the physical origins of the large dispersion and 

composition-dependent bowing in A1_xBxC alloys, we have used 

our recently developed phenomenological model Ferhat [34], 

which has been shown to account successfully for the optical 
band gap bowing of III–V semiconductor alloys. 

This study investigates the impact of nitrogen 

incorporation on the gap bowing behavior of zinc-blende GaAs1-

xNx alloys. We will further explore the influence of nitrogen  

incorporation on this phenomenon. Full-potential linear muffin-
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tin orbital (FPLMTO) calculations within density functional 

theory (DFT) will be employed to systematically study these 

alloys over a range of compositions. 

The paper is organized as follows. The method is briefly 

commented in Section 2. Results are discussed in Section 3. 

Finally, in section 4 we summarize the main conclusions of this 

work 

II. COMPUTATIONAL DETAILS 

This study employed the extended FPLMTO (PLW) 

method [35-37] for its calculations. This method, capable of 

handling all types of structures, including open ones, describes 

the electron exchange-correlation energy using the local density 

approximation (LDA) [38] and the Perdew et al. [39] 
parameterization. The computations were performed using the 

lmtART computer code [38], [40], which expands the potential 

within the non-overlapping muffin-tin sphere in spherical 

harmonics and the s, p, and d basis functions in plane waves in 

the interstitial regions. Convergence of the calculations was 

achieved when the total energy reached an accuracy of 10-4 Ry. 

For the binary compounds under investigation, a cubic unit 

cell containing four atoms was considered. Each lattice site is 

occupied by two atoms: a gallium (Ga) atom located at the origin 

(0, 0, 0)a₀, and a nitrogen (N) or arsenic (As) atom positioned at 

(1/4, 1/4, 1/4)a₀ in the zinc blende structure (where a₀ is the 

lattice parameter for both binary compounds). 

Tetragonal unit cells of 16, 24, and 32 atoms were used for 

ternary systems with x=0.125, x=0.083, and x=0.063, 

respectively. A primitive cell was used for binary systems. 

The optical bandgap bowing (b) in a binary alloy system 

was analyzed by decomposing it into three contributions [34], 

[41]: volume deformation (VD), charge exchange (CE), and 

structural relaxation (SR). The VD term represents the response 

of binary compounds to pressure changes, the CE term relates to 

charge transfer at a = a(x), and the SR term describes the change 

in the ban dgap during relaxation.  
For a given average concentration of x, the ternary alloy exhibits 

the following reaction: 

 

(1 − x)GaAs(aGAS) + xGaN(aGaN) → GaAs1−xNx(aeq)     (1) 

 

Where aGaAs and aGaN are the equilibrium lattice 

parameters of the parent materials GaAs and GaN, respectively, 

the equilibrium lattice parameter of the ternary alloy GaAs1-x Nx 

varies with x.  

Equation (1) can be decomposed into three steps: 

 

GaAs(aGAS) + GaN(aGaN) → GaAs(a) + GaN(a)            (2) 

 
(1 − x)GaAs(aGAS) + xGaN(aGaN) → GaAs1−xNx(a)      (3) 

 

GaAs1−xNx(a) → GaAs1−xNx(aeq)                          (4) 

 

The first step quantifies the impact of volume deformation 

on the bowing parameter by analyzing the relative response of 

GaN and GaAs to hydrostatic pressure. This is followed by 
considering the charge transfer between GaN and GaAs, and 

finally, the relaxation of the alloy's bonds. The overall bowing 

parameter is determined by summing up these three contributions. 

 

These terms were calculated for various concentrations 

(x=0.125, x=0.083, and x=0.063) to determine the total bowing 

effect at the direct energy gap E Γ Γ. The construction of  total 
bowing is: 

   𝑏 =  𝑏𝑉𝐷 + 𝑏𝐶𝐸 +  𝑏𝑆𝑅                               (5) 

Ferhat and Bechstedt proposed a model for the bandgap 

bowing parameter in the ternary GaAs1-xNx alloy [42]. This model 

posits that the bowing parameter is composed of three distinct 

contributions, each dependent on the nitrogen concentration (x), 
which was investigated for x = 0.125, 0.083, and 0.063 in this 

study. These contributions are defined by specific mathematical 

relationships [2, 3] 

 𝑏𝑉𝐷 =  
𝐸𝐺𝑎𝐴𝑠 (𝑎𝐺𝑎𝐴𝑠) − 𝐸𝐺𝑎𝐴𝑠 (𝑎)

1 − 𝑥
+

𝐸𝐺𝑎𝑁 (𝑎𝐺𝑎𝑁) − 𝐸𝐺𝑎𝑁(𝑎)

𝑥
        ( 6) 

 

        𝑏𝐶𝐸 =
𝐸𝐺𝑎𝐴𝑠 (𝑎)

1 − 𝑥
+

𝐸𝐺𝑎𝑁(𝑎)

𝑥
−

𝐸Ga1−𝑥N𝑥(𝑎𝑒𝑞)

𝑥. (1 − 𝑥)
                             (7) 

 

    𝑏𝑆𝑅 =
𝐸GaAs1−𝑥N𝑥(𝑎) − 𝐸GaAs1−𝑥N𝑥(𝑎𝑒𝑞)

𝑥. (1 − 𝑥)
                 (8) 

 

Where the equilibrium lattice constants of GaAs and GaN 

are represented by 𝑎𝐺𝑎𝐴𝑠 and  𝑎𝐺𝑎𝑁   respectively, and the 

equilibrium lattice constant of the alloy with the average 

composition x is represented by aeq. The energy gaps of the 

binary compounds GaAs and GaN are represented by 𝐸𝐺𝑎𝐴𝑠   and 

𝐸𝐺𝑎𝑁   respectively, and the energy gap of the alloy GaAs1-xNx for 

x=0.125, 0.083 and 0.063 is represented by E (GaAs1-xNx). 

III. RESULTS AND DISCUSSIONS 

In this section, we investigate the electronic properties of 

the parent binary compounds GaN and GaAs, as well as their 

ternary alloys, by computing their band structures using our 

calculated lattice parameters. 
The total energy of each binary compound and the ternary 

GaAsN, as a function of volume, is depicted in Figures 1 through 

5. These plots visualize how the total energy of the systems 

changes when their volume is altered.  
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Figure 1: Total energy per molecule as a function of volume for  

GaAs using LDA calculation. 

Source: Authors, (2024). 
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Figure 2: Total energy per molecule as a function of volume for 

GaN using LDA calculation. 

Source: Authors, (2024). 
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Figure 3: Total energy per molecule as a function of volume for 

GaAs1-xNx (x= 0.063) using LDA calculation. 

Source: Authors, (2024). 
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Figure 4: Total energy per molecule as a function of volume for 

GaAs1-xNx (x=0.083) using LDA calculation. 

Source: Authors, (2024). 
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Figure 5: Total energy per molecule as a function of volume for 

GaAs1-xNx ( x=0.125) using LDA calculation. 

Source: Authors, (2024). 

To determine the equation of state, we fit our DFT total 
energy calculations, E(V), to the Murnaghan equation of state 

[43]: 

𝐸(𝑉) =  𝐸0 +
𝐵

𝐵(𝐵−1)
[𝑉 (

𝑉0

𝑉
)

𝐵0

− 𝑉0] +
𝐵0

𝐵0
′ (𝑉 − 𝑉0)         (9) 

 

where E0 is the energy at equilibrium volume V0, B0 is the 

bulk modulus, and B′ is its pressure derivative. By minimizing 

the total energy with respect to volume, we obtained the 

equilibrium lattice constant, bulk modulus, and its derivative for 
both binary and ternary compounds. These results are 

summarized in and Table I. 

 

Table 1: The structural parameters of the investigated compounds. 

V0 is the equilibrium volume per unit formula (V0= a0
3/4 for 

binary, V0= (c0 /a0). a0
3/4 for the tetragonal ternaries), a0 

represents the lattice constant for the binaries and ternaries, B is 

the bulk modulus and B’ is its pressure derivative. 

 

V0( 

Å3) 

 

a0 (Å
 3) c0/a0 B (GPa) 

B’ 

 

x = 0 

Exp 

Theoretical  

studies 

 

44.9

89 
 

5.646 

5.653[19], 

5.664[41] 

5.666[42], 

1 

68.699 

75.50[48] 

69.71[41], 

69.60[42], 

76.47[14] 

4.765 

4.28 [14] 

x = 1 

 

Exp 

 

Theoretical 

studies 

 

 

22.4

76 

4.480 

4.50 [43],  

[44] [46] 

4.46[45] 

4.48[48] 

4.50[10], 

4.56[49], 

4.55[47] 

1 

192.564 

 

190.932[45], 

206.9[44] 

 

189.488[10] 

4.963 

 

5.30[47]   

4.46[10] 

x = 0.125 
42.6

00 
5.544 2 73.701 4.556 

x = 0.083 

43.3

42 
5.576 3 71.788 4.798 

x = 0..063 
43.7

16 
5.592 4 71.935 4.789 

Source: a Ref [19], b Ref [14], c Ref [10], d Ref [41], e Ref [42], 

f Ref [43], g Ref [44] , h Ref [45] , i Ref [48] , k Ref [49].  
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Our calculated equilibrium lattice parameters for GaN and 

GaAs are 4.480 Å and 5.646 Å, respectively, exhibiting 

deviations of only 0.69% and 0.75% from the experimental values 

of 4.511 Å and 5.6535 Å [14], [50]. The computed bulk modulus 

for zinc-blende GaAs and GaN is in good agreement with 

experimental data and previous theoretical studies [14]. Notably, 

GaN demonstrates a lower compressibility compared to GaAs. 

 

 
Figure 6: Lattice constant versus nitrogen concentration x in 

GaAs1-xNx. 

Source: Authors, (2024). 

For a given nitrogen concentration, the ternary alloys 

exhibit nearly identical equilibrium lattice parameters, displaying 

a linear variation (Figure 6). 

 

However, a significant positive deviation from Vegard's 

law is observed for GaAs1-xNx, with an upward bowing 

parameter of -0.385 Å determined through polynomial fitting. 

This deviation is primarily attributed to the substantial size 

mismatch and lattice constant disparity between GaAs and GaN 

[33]. 
The bulk modulus of GaAs1-xNx deviates notably from a 

linear concentration dependence, exhibiting a downward bowing 

of 45.82 GPa. This disparity results in a considerable deviation in 

rigidity for all systems studied. Notably, an increase in nitrogen 

concentration within GaAs1−xNx correlates with a lattice parameter 

decrease and a bulk modulus increase, consistent with general 

trends observed in other III-V semiconductors and alloys [14], 

[51]. 
We began by calculating the band structures of the binary 

compounds GaAs and GaN. Both materials exhibited direct band 

gaps, with the valence band maximum (VBM) and conduction 

band minimum (CBM) located at the Γ point in the Brillouin 
zone. A comparison of our calculated bandgaps (0.206 eV for 

GaAs and 1.916 eV for GaN) with experimental values (1.52 eV 

for GaAs and 3.20 eV for GaN [14,51,52]) reveals an 

underestimation. However, given the focus of this study on 

qualitative trends rather than quantitative accuracy, this 

discrepancy does not significantly impact our conclusions. 
Subsequently, we calculated the band structures for the 

ternary alloy GaAs₁₋ₓNₓ and plotted the resulting gap variations 

(Fig. 7). A critical consideration when studying ternary alloys is 

the choice of unit cell. The unit cell employed in our calculations 

is a supercell, not a primitive cell. Consequently, the calculated 

band gaps may not always correspond to the true fundamental 

band gaps, which are typically obtained from calculations using 

primitive cells. This discrepancy arises from the zone folding 

effect inherent to supercell calculations. 

Normally, if one of the binary constituents has an indirect 

band gap, the supercell of the ternary alloy might exhibit a 

spurious direct band gap due to zone folding. However, in the 

present case, both GaAs and GaN possess direct band gaps at the 

Γ point. Therefore, zone folding is not expected to alter the 

fundamental gap nature of the ternary alloy. 

 

 
Figure 7: Gaps variation with the N fraction in the alloys. 

Source: Authors, (2024). 
 

For selected nitrogen concentrations (x = 0.0625, 0.083, 

and 0.125) within the dilute nitride regime, our calculations 

indicate direct band gaps located at the Γ point (Fig. 8, 9 and 10). 

However, as the nitrogen content increases from GaAs₀.₉₃₇N₀.₀₆₃ 

to GaAs₀.₈₇₅N₀.₁₂₅, a nonlinear variation in the Γ-Γ gap is 

observed. This behavior is similar to that reported for dilute 

nitride GaAsN alloys. Interestingly, the Γ-M and Γ-A gaps also 

exhibit nonlinear trends, with the Γ-M gap increasing while the Γ-

A gap decreases. This complex behavior is likely attributed to 
zone folding effects, as the quantum states at these high-

symmetry points are linear combinations of states from different 

high-symmetry points in the reciprocal lattice of the primitive 

cell. 

 

 
Figure 8: The band structure of the strained bulk GaAs0.937N0.063 

 alloy at a lattice parameter of a(x= 0.063). 

Source: Authors, (2024). 
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Figure 9: The band structure of the strained bulk GaAs0.917N0.083 

.alloy at a lattice parameter of a(x= 0.0873). 

Source: Authors, (2024). 

 

 
Figure 10: The band structure of the strained bulk 

GaAs0.875N0.125.alloy at a lattice parameter of a(x= 0.125). 
Source: Authors, (2024). 

 

The ternary GaAs₁₋ₓNₓ alloys exhibit a direct bandgap 

character with both the valence band maximum (VBM) and 

conduction band minimum (CBM) located at the Γ point in the 

Brillouin zone. A notable trend is the increase in bandgap energy 

with increasing nitrogen content (x). However, this variation is 

nonlinear, indicating a more complex relationship between 

composition and bandgap than a simple linear interpolation. 

Table 2 summarizes the calculated band gaps for the 

various samples. Our results indicate a strong dependence of the 

bandgap on nitrogen atom distribution within the supercell, 
highlighting the significant influence of nitrogen incorporation on 

the conduction band structure. Even small nitrogen concentrations 

(a few percent) can dramatically affect the electronic properties of 

GaAs. 

Table 2: The gap energies (in eV) between the upper VB and the 

lower CB of the zinc blende (ZB) of all the present binary and 

ternaries. 

 x=0 x =1 x= 0.063 x= 0.125 x=0.083 

Г- Г 0,239 1,916 0.298 0,229 0,221 

Г –X 1,918 4.717 1,987 1,993 1,999 

Г –M 2,642 6.606 0.555 0.354 0.933 

Г –Z -------- -------- 1.043 1.365 1.186 

Г –R 0,828 4.874 2.259 2.688 2.380 

Source: Authors, (2024). 

 

Our calculations reveal a pronounced sensitivity of the 

calculated band gaps to the spatial distribution of nitrogen atoms 

within the supercell. This observation underscores the critical role 

of nitrogen incorporation in modifying the conduction band 

structure. Even a modest nitrogen content of a few percent in 

GaAs can significantly perturb the electronic properties of the 

material. This sensitivity arises from the formation of localized 

electronic states associated with nitrogen atoms, which act as 

perturbations to the host GaAs lattice. These localized states can 

introduce new energy levels within the band gap, leading to band 

gap narrowing and altering the overall electronic structure. 

Consequently, the precise arrangement of nitrogen atoms within 

the supercell has a substantial impact on the resulting band gap, 

highlighting the importance of considering configurational 

disorder effects in theoretical modeling of these materials. 

According to the model proposed by Van Vechten and 

Bergstresser [29], the electronegativity difference between 

constituent atoms is a critical factor influencing the degree of 

disorder within an alloy system, which in turn affects the 

bandgap. In the case of GaAs₁₋ₓNₓ, the varying electronegativity 

between Ga, As, and N atoms results in different degrees of 

disorder for different alloy compositions. This disorder 

contributes to the nonlinear behavior of the bandgap. 

To quantify the impact of disorder on the bandgap, we 

introduced the total curvature parameter (b) for the Γ-Γ transition. 

Our calculations summarized in the table 3 yielded values of 

12.52 eV, 18.56 eV, and 24.66 eV for GaAs₀.₈₇₅N₀.₁₂₅, 

GaAs₀.₉₁₇N₀.₀₈₃, and GaAs₀.₉₃₇N₀.₀₆₃, respectively. These 

values suggest a significant increase in disorder with decreasing 

nitrogen content. 

Another crucial factor affecting the bandgap is volume 

deformation (VD). Our calculations indicate that the contribution 

of VD to the total energy gap curvature parameter is substantial, 

especially for the GaAs₀.₉₃₇N₀.₀₆₃ alloy. This implies that the 

lattice expansion due to the incorporation of larger nitrogen atoms 

plays a dominant role in modifying the bandgap for this particular 

composition. 

 

Table 3: Calculated bowing parameters b for GaAs1-x Nx 

alloys. The contributions due to volume deformation (bVD), 

electronegativities (bCE), and structural relaxations (bSR) are  

also listed. All values are in eV. 

Composition x x= 0.125 x=0.083 x=0.063 

bVD 14.585 22.609 30.044 

bCE -2.195 -4.210 -5.447 

bSR 0.134 0.165 0.061 

b 12.525 18.564 24.662 

Source: Authors, (2024). 
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The significant role of volume deformation (VD) in 

contributing to the band gap bowing parameter is directly linked 

to the substantial lattice mismatch between the constituent binary 

compounds GaAs and GaN. In many alloy systems, the VD term 

is closely correlated with the overall volume of the unit cell, as 

represented by the lattice parameter (a). Consequently, the 

pronounced VD bowing parameter observed in GaAs₁₋ₓNₓ can be 

attributed to the considerable difference in lattice constants 

between GaAs and GaN. 

It is important to note that while charge exchange (ECB) 

can also influence bandgap bowing, its contribution is 
significantly smaller than that of VD in this system. This disparity 

is consistent with the relatively low ionicity of the constituent 

elements. 

Structural relaxation (bSR), which accounts for atomic 

displacements from ideal lattice positions, is found to have a 

minimal impact on bandgap bowing in GaAs₁₋ₓNₓ due to the 

limited lattice mismatch between the two binary compounds. 

This study primarily focused on nitrogen concentrations above 

7% (Figure 11). A comprehensive understanding of the bandgap 

bowing behavior at lower nitrogen levels would require further 

investigation. 
 

 
Figure 11: Curvature parameter variation b and the three 

contributions bVD, bCE, and bSR considering concentration x. 

Source: Authors, (2024). 

IV. CONCLUSIONS 

This study employed ab-initio FPLMTO calculations to 

investigate the structural properties of cubic and tetragonal 

Ga(As,N) alloys, focusing on the critical role of interstitial 

regions, to clarify the mechanism of the large band gap bowing  

of the dilute nitride semiconductors, we calculated band edge 

energies of GaAs₁₋ₓNₓ. 

Our findings indicate a complex interplay between volume 

deformation (VD), charge transfer (CE), and structural relaxation 

(SR) in determining the band gap bowing behavior of these 

alloys. 

For the majority of compositions studied, VD emerges as 

the dominant factor influencing band gap bowing, with CE 

playing a comparatively minor role. Structural relaxation effects 

(SR) were found to be relatively weak in these systems. 

Collectively, VD and SR, constituting the structural component, 

primarily govern the overall band gap bowing. 

It is important to note that the present investigation 

focused on nitrogen concentrations exceeding 7%. A 

comprehensive understanding of band gap bowing across the 

entire composition range would require further studies. 

These results provide valuable insights into the 

fundamental mechanisms underlying band gap bowing in 

GaAs₁₋ₓNₓ alloys, contributing to the development of more 

accurate theoretical models and facilitating the design of 

optoelectronic devices based on these materials. 
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