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Using the density functional theory (DFT) with the generalized gradient approximation (GGA), we calculated the structural and electronic
properties of wurtzite AlN, GaN, InN, and their related alloys, AlxGa1−xN and InxGa1−xN. We have performed accurateab initio total
energy calculations using the full–potential linearized augmented plane wave (FP–LAPW) method to investigate their structural and elec-
tronic properties. We found that in both alloys the fundamental parameters do not follow Vergard’s law. The lattice parameters,a, c, and
u, for the AlxGa1−xN alloy are found to exhibit positive bowing parameters, while for InxGa1−xN there is a negative bowing for thea
andc parameters and a positive bowing for the internal parameter,u. We calculated as well the nearest neighbor and next nearest neighbor
distances, as a function of the concentration, and we obtained a good agreement with experimental results. Furthermore, we found that for
both alloys, the band gap does not follows the Vegard law. As a by–product of our electronic band structure calculations, the effective masses
of the binary compounds and their alloys were calculated. All the calculated properties show good agreement with most of the previously
reported results. Finally, using the frozen phonon approach, the A1(TO) mode for the different systems studied in this work was calculated.
Our calculations show good agreement with experimental values reported for the binary compounds. For the ternary alloys, our calculations
reproduce experimental values for AlxGa1−xN as well as theoretical predictions for InxGa1−xN.

Keywords: Ab initiocalculations; nitride semiconductor alloys.

Calculamos las propiedades estructurales y electrónicas de los compuestos AlN, GaN, InN y sus aleaciones ternarias Ga1−xAlxN y Ga1−xInxN
usando la teorı́a del funcional de la densidad (DFT) dentro de la aproximación del gradiente generalizado (GGA). Para el estudio de las
propiedades electrónicas y estructurales hemos realizado cálculos de energı́a total usando el ḿetodo de ondas planas generalizadas. En nue-
stro estudio hallamos que los parámetros fundamentales de estas aleaciones no obedecen la ley de Vegard. Encontramos que para la aleación
AlxGa1−xN, los paŕametros de reda, c y u muestran un parámetro de arqueo positivo. Para la aleación InxGa1−xN sus paŕametrosa y c
muestran un parámetro de arqueo negativo, mientras que su parámetro internou posee un parámetro de arqueo positivo. Calculamos también
las distancias a primeros y segundos vecinos de las aleaciones, las cuales se comparan muy bien con resultados experimentales. Encon-
tramos que para ambas aleaciones la brecha de energı́a prohibida, como función de la composición, no muestra un comportamiento lineal.
Adicionalmente a los ćalculos de estructura electrónica, calculamos también las masas efectivas tanto para los compuestos binarios como
para las aleaciones. Mostramos que las propiedades calculadas en este trabajo muestran un buen acuerdo con la mayorı́a de los resultados
reportados anteriormente. Finalmente, usando la aproximación del “fońon congelado”, calculamos el modo A1(TO) para todos los sistemas
estudiados. Nuestros resultados muestran un buen acuerdo con los resultados experimentales reportados para los compuestos binarios. Para
las aleaciones, nuestros cálculos reproducen tanto los resultados experimentales para AlxGa1−xN aśı como las predicciones teóricas de la
aleacíon InxGa1−xN.

Descriptores:CálculosAb initio; aleaciones de nitruros.

PACS: 71.15.Mb; 71.20.Nr; 71.20.-b

1. Introduction

The III–Nitride semiconductors have attracted much atten-
tion over recent years because of their potential applications
in technological devices. This is due mainly to the fact that
the energy gap can be tuned over a wide spectral range from
the visible to the ultraviolet regime of the electromagnetic
spectrum. Although the zincblende and wurtzite structures
are present in the GaN, AlN, and InN semiconductors, it has
been demonstrated experimentally that wurtzite is the most
stable structural phase of these compounds. Moreover, due to
their high chemical and thermal stability, the III-Nitrides are
ideal candidates for applications under extreme conditions
such as high temperature applications. In the wurtzite crys-

talline structure the value of the band gap ranges from 0.8 eV
for InN [1], 3.4 eV for GaN [2] and 6.2 eV for AlN [3], pro-
viding a huge interval of energies for this parameter when-
ever the concentration forming the alloy is carefully selected.
The hexagonal wurtzite structure is extensively utilized be-
cause all the III–nitride semiconductors and their alloys ex-
hibit a direct band gap energy, which results in a high emit-
ting performance [4,5]. Due to the remarkable progress in
epitaxial growth technology, high quality samples of these
compounds can be produced. High-quality wurtzite InN is
currently available and its direct band gap energy has been
determined to be between 0.7 and 0.8 eV, which is much
smaller than the first accepted value of 1.9 eV [1,6]. From
a theoretical point of view, many calculations using different



184 E. LÓPEZ-APREZA, J. ARRIAGA, AND D. OLGÚIN

methods have been done to characterize the structural, elec-
tronic, and optical properties of these systems; however there
is still no agreement in the scientific community concerning
the values of certain parameters, since they show significant
scattering when we compare the experimental or theoretical
results published in the literature.

In this paper, by means of numerical calculations based
on first principles, we present a study of the structural and
electronic properties of the wurzite structure AlN, GaN, InN
semiconductors and their related alloys, AlxGa1−xN and
InxGa1−xN. The analysis was made by calculating the to-
tal energy. First, we analyzed the binary compounds, GaN,
AlN, and InN, and then their related alloys, AlxGa1−xN and
InxGa1−xN. Our calculations were based on the density func-
tional theory (DFT) using the generalized gradient approxi-
mation (GGA) in order to calculate the exchange-correlation
term in the total energy. We used the Wien2k simulation
package developed by the Vienna University of Technology.
In Sec. 2, we describe the model used in this work, while
in Sec. 3, we discuss our results and compare them with the
data found in the literature. Finally, in Sec. 4, we present our
conclusions.

2. Theoretical aspects and computational
method

Our calculations were performed within the framework of the
density functional theory (DFT) [7], which states that all the
ground state properties of a system are functionals of the elec-
tron density, and the total energy is expressed in terms of the
electron density rather than the wave function. At present,
DFT is one of the most accurate methods for calculating the
structural and electronic properties of solids. We have used
the full-potential linearized augmented plane wave method
(FP–LAPW) as implemented in the Wien2k code [8]. As
most of the first principles methods, LAPW is a procedure
used to solve the Khon-Sham set of equations for the density
of the ground state, the total energy, and the eigenvalues of a
many-electron system. In the present analysis, the exchange-
correlation energy of the electrons was treated using the gen-
eralized gradient approximation (GGA), in the scheme pro-
posed by Perdew, Burke, and Ernzerhof [9]. To minimize
the energy, the Wien2k code divides the unit cell into non-
overlapping spheres centered at atomic sites (muffin-tin (MT)
spheres), and the interstitial region. In the MT spheres, the
Khon-Sham orbitals are expanded as a linear product of ra-
dial functions and spherical harmonics, and as a plane wave

TABLE I. Structural parameters for the AlN, GaN, and AlxGa1−xN alloys. The lattice parametersa andc are given inÅ.

System Parameter This Work Exp. Results Other Calc.

GaN a 3.2209 3.1890a, 3.1892b 3.1660c, 3.189d, 3.2e

3.1880f ,3.19g 3.1800h, 3.1986i, 3.17j , 3.183k

c 5.2368 5.1850a, 5.185b 5.1540c, 5.185d, 5.2200e

5.18561f , 5.189g 5.1898h, 5.2262i 5.151j ,5.178k

u 0.3780 0.3768a, 0.377g 0.3770c, 0.3768d, 0.3760e

0.3760h, 0.3772i, 0.3768j

Al0.25Ga0.75N a 3.2059 See Ref. 11 and 12 3.163k

c 5.1338 5.137k

u 0.3781

Al0.50Ga0.50N a 3.1719 See Ref. 11 and 12 3.139k

c 5.1012 5.085k

u 0.3790

Al0.75Ga0.25N a 3.1601 3.098k

c 5.0870 See Ref. 11 and 12 4.990k

u 0.3791

AlN a 3.1411 3.1120a, 3.11g 3.0920c, 3.084d, 3.1e

3.1106l 3.0610h, 3.10954i, 3.098j , 3.076k

c 5.0268 4.9820a, 4.98g 4.954c, 4.9948d, 5.010e

4.9795l 4.8976h, 4.9939i, 4.9599j , 4.935k

u 0.3805 0.3819a, 0.3821g 0.3821c, 0.3814d, 0.3800e

0.3820h, 0.3819i, 0.3819j

a Ref. 28 S. Striteet al., b Ref. 29 T. Detchprohmet al., c Ref. 15 Z. Dridiet al., d Ref. 33 A.F. Wrightet al., e Ref. 34 C. Bungaroet al.,
f Ref. 30 M. Leszczynskiet al., g Ref. 31 H. Schulzet al., h Ref. 21 J. Serranoet al., i Ref. 23 A. Zorodduet al., j Ref. 24 P. Carrieret al.,
k Ref. 16 B.T. Liouet al., l Ref. 32 M. Tanakaet al.
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expansion in the interstitial region. The basis set inside each
MT sphere is divided into core and valence subsets. The
core states were treated fully relativistically, whereas a scalar
scheme was used for the valence states. No spin-orbit split-
ting was included in our calculations. The core states are
treated within the spherical part of the potential only and are
assumed to have a spherically symmetric charge density com-
pletely confined within the MT spheres. In this work, the
valence part was treated as a potential, and was expanded
into harmonics up tol = 10. We have used MT sphere
radii, in a. u., of 1.6 for N, 1.9 for Al, 2.0 for Ga, and
2.33 for In. The self–consistent calculation was considered
to converge when the total energy of the system was stable
within 10−5 Ry. Care was taken to assure the convergence
of the total energy in terms of the variational cutoff energy
parameter. Furthermore, we have used an appropriate set of
k-points to compute the total energy. To calculate the con-
vergence of the total energy we wrote the basis functions up
to a cutoff radius ofRmtKmax = 7 Ry for both the binary
compounds and the AlxGa1−xN alloy and a cutoff radius of
RmtKmax = 8 Ry for the InxGa1−xN alloy. The chosen
values forRmtKmax assure the convergence of the total en-
ergy up to10−5 Ry in all the studied systems. Then, we
minimized the total energy using different sets of k–points
in the irreducible part of the Brillouin zone and construct-
ing an appropriate grid mesh in the unit cell according to the
Monkhorst–Pack procedure [10]. The number of k–points
used was chosen in order to assure convergence within our
accuracy criterion (10−5 Ry). We used a set of 1000 k-points
for GaN, 550 for AlN, 630 for InN, 700 for Al1−xGaxN, and
900 for In1−xGaxN. In the Monkhorst–Pack scheme these
set of k–points are equivalent to12 × 12 × 6, 10 × 10 × 5,
10× 10× 5, 10× 10× 5, and11× 11× 6 grid mesh, respec-
tively.

In the wurtzite structure, the positions of the atoms inside
the unit cell are(0, 0, 0) and (2/3, 1/3, 1/2) for the cation
(Al, Ga, or In) and(0, 0, u) and(2/3, 1/3, 1/2 + u) for the
anion N, whereu is the internal parameter for the cation-
anion separation. We began our study by optimizing the
structural parameters for the binary compounds, GaN, AlN,
and InN, starting from the ideal wurtzite structure with a ratio
c/a = 1.633 andu = 0.375 for the internal parameter. This
optimization was made by an iterative process as a function of
the volumeV , thec/a ratio, and the internal parameteru, un-
til the total energy converged within 0.01 mRy. To model the
AlxGa1−xN and InxGa1−xN ternary alloys, we used a 32–
atom supercell with periodic boundary conditions. This cor-
responds to a2×2×2 supercell which is twice the size of the
primitive wurtzite unit cell in all directions: along the basal
plane and along thec−axis. We minimized the total energy
for different values of the concentration,x (0.25, 0.50, and
0.75), as a function of the three variables mentioned above.
The atomic electronic configurations used in our calculations
were: Al (Ne, 3p, 3s), Ga (Ar, 3d, 4s, 4p), In (Kr, 4d, 5s, 5p),
and N (He, 2s, 2p). The Ga3d and In4d electrons were treated

as valence band states using the local orbital extension of the
LAPW method [8].

3. Results and discussion

3.1. Structural parameters for the AlxGa1−xN and
InxGa1−xN alloys

3.1.1. AlxGa1−xN

Table I summarizes our calculated structural parameters and
compares them with experimental and theoretical results
found in the literature. We observed that the values of the
lattice parameters for the AlxGa1−xN alloy decrease when
the Al content is increased. This is due to the fact that the
size of the Al atom is smaller than the Ga atom. This is not
the case for the internal parameter,u, in which we observe
an increase of this parameter when we increase the Al con-
tent in the alloy. Figure 1a shows the behavior of thea andc
parameters as a function of the Aluminum concentration. We
can see from the figure that these parameters show a clear de-
viation from the linear behavior stated by Vegard’s law. The
deviation from Vegard’s law can be quantified by adjusting
the curves in Fig. 1a to the following formula:

A(x) = xAAlN + (1− x)AGaN − εAx(1− x), (1)

FIGURE 1. (a) Calculated lattice constantsa and c for the
AlxGa1−xN alloy as a function of the Aluminium composition,x.
Open circles show the experimental results for the lattice parameter
c (after S. Yoshidaet al. [11]). (b) Calculated lattice constantsa
andc for the InxGa1−xN alloy as a function of the Indium compo-
sition,x.

Rev. Mex. F́ıs. 56 (3) (2010) 183–194
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where A(x) stands for the different structural parameters,
a, c, andu, of the AlxGa1−xN alloy. AAlN (AGaN) repre-
sents the structural parameter of the binary AlN (GaN) com-
pound andεA is the respective bowing parameter. If we fit our
calculated values from Table I to Eq. (1), we obtain the fol-
lowing bowing parameters:εa = 0.016 Å, εc = 0.119 Å, and
εu = 0.002. We observe that all these parameters have a pos-
itive value, which indicates a downward bowing, being the
lattice constantc which possesses the greatest deviation from
the linear Vegard’s law. This was experimentally reported by
S. Yoshidaet al. [11], and by Yunet al. [12]. Other works re-
ported that the lattice parameters follow Vegard’s law (see for
example Angereret al. [13]). From a theoretical approach,
this alloy has only been studied using the virtual crystal ap-
proximation (VCA) by M. Goanoet al. [14], and using first
principles calculations by Z. Dridiet al. [15]. Furthermore,
Liou et al. [16] have reported a non-linear behavior of the
lattice parameters, although they found an upward bowing.

To compare our results with the available experimental
data, we plot in Fig. 1a the calculated value of thec param-
eter together with the experimental results found in the liter-
ature [11]. As we can see, our calculated values follow the
tendency shown by the experimental reports. Other exam-
ples of experimental studies for this alloy can be found in the
works by D.K. Wickendenet al. [17], and K. Itohet al. [18].

From our calculations we can obtain the nearest neigh-
bor and the next nearest neighbor distances. Figure 2 com-
pares our calculated distances with the experimental data of
Refs. 19 and 20 for the Al1−xGaxN alloy. The experimen-
tal data are obtained from EXAFS (extend X-ray absorption
fine structure) measurements. From the EXAFS technique
the structure at local level can be investigated. This allows
us to know the bond distance, the fraction of occupation, and
the type of neighbors for a particular element. Figure 2 shows
the good agreement between our calculated nearest and next
nearest neighbor distances and the experimental data given in
Refs. 19 and 20.

TABLE II. Structural parameters for the GaN, InN and InxGa1−xN alloys. The lattice parametersa andc are given inÅ. For completeness
we give the values for the GaN compound, already listed in Table I.

System Parameter This Work Exp. Results Other Calc.

GaN a 3.2209 3.1890a,3.1892b 3.1660c,3.189d, 3.2000e

3.1880f , 3.19f 3.1800h,3.1986i,3.17j

c 5.2368 5.1850a, 5.185b 5.1540c, 5.185d, 5.2200e

5.18561f , 5.189g 5.1898h, 5.2262i, 5.151j

u 0.3780 0.3768a, 0.377g 0.3770c, 0.3768d, 0.3760e

0.3760h, 0.3772i, 0.3768j

In0.25Ga0.75N a 3.3298

c 5.3987

u 0.3791

In0.50Ga0.50N a 3.4128

c 5.5257

u 0.3792

In0.75Ga0.25N a 3.4969

c 5.6333

u 0.3796

InN a 3.5440 3.5365k 3.5378l 3.520c, 3.501d, 3.480e

3.548m,3.540n 3.525h, 3.614i, 3.546j

c 5.7228 5.7039k, 5.7033l 5.675c, 5.669d, 5.64e

5.76m, 5.705n 5.68583h, 5.8836i, 5.7162j

u 0.3806 0.3799c, 0.3784d, 0.378e

0.379h, 0.37929i, 0.379j

a Ref. 28 S. Striteet al., b Ref. 29 T. Detchprohmet al., c Ref. 15 Z. Dridiet al., d Ref. 33 A.F. Wrightet al., e Ref. 34 C. Bungaroet al.,
f Ref. 30 M. Leszczynskiet al., g Ref. 31 H. Schulzet al., h Ref. 21 J. Serranoet al., i Ref. 23 A. Zorodduet al., j Ref. 24 P. Carrieret al.,
k Ref. 1 P. Yu. Davydovet al., l Ref. 35 W. Paszkowiczet al., m Ref. 36 T.L. Tansleyet al., n Ref. 37 K. Kubotaet al.,
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FIGURE 2. Comparison of the calculated and EXAFS data for the
nearest and next nearest neighbor distances for Al1−xGaxN. The
experimental data, represented as empty points, are from Refs. 19
and 20, and the full points represent our calculated values.

3.1.2. InxGa1−xN

The recent developments in blue–green optoelectronics
are mainly due to the high efficiency luminescence of
InxGa1−xN/GaN heterostructures. Despite their importance,
several properties of InxGa1−xN alloys are not fully under-
stood. For example, the optical properties of InN crystals
are poorly known since the available growth techniques have
not permitted the production of high quality epitaxial lay-
ers. Recent improvements in the molecular beam epitaxy
(MBE) technique have led to the availability of high qual-
ity InN films. Photoluminescence measurements of these
films indicate an energy gap around 1 eV or less [1]. The
InxGa1−xN alloy has been studied theoretically by several
groups using different methods. M. Goanoet al. [14] used
pseudopotentials to compute the gap through the virtual crys-
tal approximation approach. Z. Dridiet al. [15] used LDA
FP–LAPW and the virtual crystal approximation approach.
J. Serranoet al. [21] worked within the framework of the
density functional theory (DFT) with the local density ap-
proximation (LDA) using the Ceperley-Alder form for the
exchange-correlation energy. C. Stampflet al. [22] utilized
the DFT, the LDA, and the GGA of Perdewet al. for the
exchange–correlation functional. A. Zorodduet al. [23] from
first principles within the DFT utilized the plane-wave ultra-
soft pseudopotential method within both the LDA and the

GGA. P. Carrieret al. [24] used plane-wave pseudopoten-
tials and the LAPW method with the LDA.

In Table II we summarize our calculated structural pa-
rameters and compare them with some of the representative
theoretical and experimental results found in the literature.
From our results we can observe that the values of thea and
c parameters increase when the In concentration increases.
We plot these results in Fig. 1b. As in the previous case,
there is not a linear dependence in these two parameters when
the In concentration increases. If we adjust these results us-
ing Eq. (1), we obtain:εa = −0.140 Å, εc = −0.188 Å,
andεu = 0.0001. For this alloy we can observe that the de-
viation parameters for botha and c have a negative value,
which implies an upward bowing as is clearly observed in
Fig. 1b. This is not the case for the internal parameter,u,
which has a nearly linear dependence with the In concentra-
tion as is demonstrated by the value of the bowing parameter,
εu = 0.0001. The simulation results indicate that thec lattice
constant has a larger deviation from the linear Vegard’s law
compared with the lattice constanta.

Figure 3 shows our calculated nearest and next nearest
neighbor distances for In1−xGaxN and compares them with
EXAFS measurements reported by T. Miyajimaet al. [25].
Although the reported data are just for small values of the
In–concentration (with the exception of two values for the

FIGURE 3. Comparison of the calculated and EXAFS data for the
nearest and next nearest neighbor distances for In1−xGaxN. The
experimental data, represented as empty points, are from Ref. 26,
and the full points represent our calculated values.

Rev. Mex. F́ıs. 56 (3) (2010) 183–194
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next nearest neigbohr distances at the 20% of the In–
concentration), we observe that our calculated values repro-
duce the experimental data.

T. Miyajima et al. [25] reported 3.22–3.30̊A and
3.25–3.30Å, for the In−Ga andIn− In distances respec-
tively, and 1.85–2.21̊A for theIn−N distance. In our calcu-
lations the values of the bond lengthsIn−Ga, andIn− In
for the interval of concentration 0≤ x ≤ 0.25, are in the
interval from 3.216–3.322̊A, whereas the nearest neighbor
distance dIn−N is in the interval 1.969–2.034̊A.

In a subsequent work, T. Miyajimaet al. [26],
using the EXAFS technique, measured theIn−N and
In− In distances in the InN compound and they obtained:
dIn−N=2.15 Å and dIn−In= 3.53 Å. Y. Nanishi et al. [27],
using the EXAFS technique, measured these distances too,
and they reported practically the same values (dIn−N=2.14Å
and dIn−In= 3.53 Å). From our calculations, for the InN
compound, we obtain the values: dIn−N=2.162 Å and
dIn−In=3.531Å. Therefore, from this quantitative compari-
son we observe that our calculations properly reproduce the
experimental data.

Finally in Fig. 4, we plot the internal parameter,u,
for both alloys as a function of the concentrationx. Solid
circles (squares) correspond to our results for AlxGa1−xN
(InxGa1−xN), and solid lines correspond to the fitting using
Eq. (1).

FIGURE 4. Internal parameteru for the AlxGa1−xN and
InxGa1−xN alloys as a function of the Aluminium and Indium
composition,x, respectively.

After comparing our calculated structural parameters
with the experimental and theoretical results found in the lit-
erature for both alloys, we conclude that:

1) Our results for the binary compounds are in agreement
with the published data, both experimental and theo-
retical.

2) For the AlxGa1−xN alloy, the structural parameters
calculated in this work are in agreement with those re-
ported in Ref. 11. For this alloy, the bowing parameters
for a, c, andu, have positive values, indicating a down-
ward bowing. This is in agreement with experimental
and theoretical results reported previously.

3) For the InxGa1−xN alloy, the bowing parameter of the
lattice constantsa andc has a negative value, while the
internal parameteru, has a positive value.

4) Our calculated values for the nearest neighbor and next
nearest neighbor distances for both alloys are in good
agreement with EXAFS data.

3.2. Electronic structure for the AlxGa1−xN and
InxGa1−xN alloys

Before presenting our results of the electronic structure, we
provide a summary of some representative theoretical and ex-
perimental results reported in the literature.

3.2.1. AlxGa1−xN

Haganet al. [38] and Baranovet al. [39] were the first to
demonstrate experimentally the existence of the AlxGa1−xN
alloy. Many other groups have measured its lattice constant,
c, the optical bowing parameter,δ, and the energy gap as a
function of the concentration. The magnitude of the opti-
cal bowing parameter accounts for the deviation of the band
gap from the linear dependence. Using samples obtained by
MBE, S. Yoshidaet al. [11] measured the lattice constant
c, and the band gap for the whole interval of concentrations
(0 < x < 1). Comparing our results for this lattice constant
with those reported by this author, there is very good agree-
ment over the entire interval of concentrations. Although our
calculated band gap value shows the experimental tendency
reported by Yoshidaet al. [11], we obtain slightly different
values as can be seen in Fig. 5. However, other reported
values for the band gap are well reproduced in our calcu-
lations (see Fig. 5). There are many experimental reports
for this system obtained by different techniques and for dif-
ferent values of the concentration. In all these references
there is no general agreement as to whether the fundamen-
tal parameters,i.e. the lattice constants and band gap, fol-
low Vegard’s law. Positive, negative, or small values of the
optical bowing parameter can be found throughout the liter-
ature [2,11,17,18,40,41]. Theoretical results have been re-
ported using thek·p method [43], the semi–empirical pseu-
dopotentials method [14],ab initio LDA, DFT–LDA using
molecular dynamics [42], and plane wave pseudopotentials
using DFT–LDA [48].
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TABLE III. Experimental and calculated values for the optical bowing parameterδ for Ga1−xAlxN and Ga1−xInxN alloys.

Ga1−xAlxN

Method δ [eV] Method δ [eV] Method δ [eV] Method δ [eV]

Exp.a ≈ 0 Exp.e ≈ 1 Theo.h 0.710 Theo.k 0.353

Exp.b 1 Exp.f 1 Theo.i 0.080 Theo.l ≈ 0

Exp.c ≈ 1 Exp.g 1.4 Theo.j 1.4000 Theo.∗ 0.0775

Exp.d ≈ 0

Ga1−xInxN

Method δ [eV] Method δ [eV] Method δ [eV] Method δ [eV]

Exp.e 3.20 Exp.o 3.5 Theo.h 1.70 Theo.s 1.44

Exp.g 1.70 Exp.p 2.6 Theo.i 1.115 Theo.∗ 0.9990

Exp.m 2.50 Exp.q 1.4 Theo.r 0.1677

Exp.n 1.00
a Ref. 11 S. Yoshidaet al., b Ref. 12 F. Yunet al., c Ref. 78 K. Koideet al., d Ref. 40 M.A. Khanet al., e Ref. 41 T. Takeuchiet al.,
f Ref. 44 O. Ambacheret al., g Ref. 79 W. Walukiewiczet al., h Ref. 15 Z. Dridiet al., i Ref. 14 M. Goanoet al., j Ref. 42 K. Chenet al.,
k Ref. 80 P. Y-K. Kuoet al., l Ref. 43 S. K. Pughet al., m Ref. 1 Davydovet al., n Ref. 45 S. Nakamuraet al., o Ref. 46 M. McCluskeyet al.,
p Ref. 47 C. Wetzelet al., q Ref. 49 J. Wuet al., r Ref. 33 A. F. Wrightet al., s Ref. 48 C. Caetanoet al., ∗ Value calculated in this work.

TABLE IV. Band gap energy (in eV) for the AlxGa1-xN and
InxGa1-xN alloys as a function of the concentration,x, obtained
in the present work.

System Egap(eV)

GaN 1.768

Al0.25Ga0.75N 2.319

Al0.50Ga0.50N 2.830

Al0.75Ga0.25N 3.5123

AlN 4.027

GaN 1.768

In0.25Ga0.75N 1.088

In0.50Ga0.50N 0.871

In0.75Ga0.25N 0.489

InN 0.299

3.2.2. InxGa1−xN

The first InxGa1−xN alloy with a high degree of ordering in
layers grown on sapphire (0001) using metal–organic chem-
ical vapor deposition (MOCVD) were obtained by Ruterana
et al. [50]. Samples grown using different techniques and
different concentrations have been studied, and authors re-
port various values for the optical bowing parameter. Some
of the representative results appear in Table III. In that ta-
ble we summarize the theoretical and experimental results for
the optical bowing parameter obtained from the literature for
both alloys, together with the values obtained in this work.
It can be seen from the table that there is a large discrep-
ancy between the reported experimental and theoretical val-
ues. For theoretical calculations, most of the reported values
are greater than one and they show a larger scattering in the

numerical values, especially in the case of the InxGa1−xN
alloy.

FIGURE 5. Variation of the band gap for the AlxGa1−xN and
InxGa1−xN alloys as a function of the concentration,x. We present
the experimental results from Table III and the solid lines represent
the proposed adjustment to our results (solid points). For compar-
ison we have rigidly moved downward the experimental data [77].
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In Table IV we show the obtained results for the energy
gap of the AlxGa1−xN and InxGa1−xN alloys from ourab
initio calculations for different values of the concentration,
x. These values correspond to0, 25, 50, 75 and 100 % Al
and In substitution. The plots corresponding to these data are
displayed in Fig. 5. It can be seen that when the concentra-
tion of Al is increased the AlxGa1−xN alloy shows a nearly
linear dependence. On the other hand, the InxGa1−xN alloy
shows a non-linear dependence when we increase the In con-
centration. For both alloys we fit the gaps obtained by our
calculations to a non-linear dependence using the quadratic
phenomenological function [51]:

Eg(x) = xEg,A + (1− x)Eg,B − δx(1− x), (2)

whereEg,A and Eg,B correspond to the gap of the AlN (InN)
and GaN for the AlxGa1−xN (InxGa1−xN) alloy, andδ is the
optical bowing parameter, which accounts for the non-linear
behaviour of the band gap as a function of the concentration
x. Substituting the values of Table IV into Eq. (2) we found
δ = 0.3185 and 0.9990 for AlxGa1−xN and InxGa1−xN, re-
spectively. The solid lines in Fig. 5 correspond to the non-
linear fitting given by Eq. (2). As can be seen from the figure,
there is a clear non-linear dependence for the InxGa1−xN al-
loy.

Concerning the electronic structure of these alloys, after
comparing our results with those reported in the literature we
conclude that:

1. For both alloys, most of the experimental results con-
sider concentrations lower than x=0.5. This could ac-
count for the scattered values reported for the bow-
ing parameter; however, experiments considering the
whole interval of concentrations are better reproduced
by our calculations.

2. The obtained value in this work for the bowing pa-
rameter (δ = 0.3185) of the AlxGa1−xN alloy is in
agreement with most of the experimental and theoreti-
cal results reported previously. Although many authors
claim that the dependence on concentration of the band
gap for this alloy should be linear (δ = 0.0), it has be-
come more accepted that there is a small deviation in
the linear dependence.

3. For the InxGa1−xN alloy the reported results show a
large scattering, especially in the experimental data.
This has been partially explained in the literature as
due to an inaccurate determination of the concentra-
tion. The quality of the samples and the measurement
technique also play an important role in the determi-
nation of the optical bowing parameter. For this alloy,
the scattering in the theoretical results reported in the
literature is lower. Our calculations determined a value
of δ = 0.9990, which is in good agreement with those
reported previously.

In Fig. 5 we show a comparison between our results
and the experimental results reported for the band gap en-
ergy as a function of the concentration for the AlxGa1−xN
and InxGa1−xN alloys. It can be seen from the figure that
there is excellent agreement between them, especially for the
AlxGa1−xN alloy. Most of the experimental data for the
InxGa1−xN alloy are given for low concentrations of the In
impurity. Nevertheless, our theoretical results follow the ten-
dency demonstrated by experimental and theoretical results
reported previously.

TABLE V. The electron and hole effective masses for AlN, GaN, InN and their alloys. All values are in units of the free-electron massm0.
For a recommended set of values for the binary compounds see Ref. 55.

Present work Other results References

me mh me mh

AlN m⊥ 0.3012 4.3243 0.30a 0.33b 0.33c 4.35c aRef. 55

m‖ 0.2847 0.2427 0.32a 0.32b 0.32c 0.28c bRef. 63

m∗ 0.2956 1.6528 0.31d 0.48e cRef. 24

Al0.75Ga0.25N m⊥ 0.2682 3.5247 dRef.61

m‖ 0.2913 0.9325 eRef. 62

m∗ 0.2749 1.4743 f Ref. 56

Al0.50Ga0.50N m⊥ 0.2330 2.3039 gRef. 57

m‖ 0.2411 0.5345 hRef. 59

m∗ 0.2427 1.2961 iRef. 58

Al0.25Ga0.75N m⊥ 0.2020 3.1232 jRef. 60

m‖ 0.1958 0.1741 kRef. 62

m∗ 0.2000 1.1969 lRef. 67

GaN m⊥ 0.1491 2.1072 0.20a 0.21b 0.22c 0.39c mRef. 68

m‖ 0.1803 2.1048 0.20a 0.19b 0.20c 2.04c nRef. 69
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m∗ 0.1692 2.1412 0.22f 0.23g 0.20h 2.2i

0.18j 0.20k 0.24l

0.215m

In0.25Ga0.75N m⊥ 0.1069 2.5409

m‖ 0.0968 2.4447

m∗ 0.1035 2.4953

In0.50Ga0.50N m⊥ 0.1182 2.7958

m‖ 0.0921 2.6116

m∗ 0.1025 2.8371

In0.75Ga0.25N m⊥ 0.0717 2.0304

m‖ 0.0623 2.1486

m∗ 0.0781 2.2179

InN m⊥ 0.1299 1.9096 0.07a 0.068b 0.07c 2.967n

0.068n

m‖ 0.0892 2.2051 0.07a 0.065b 0.06c 2.566n

0.072n

m∗ 0.1146 2.0301

FIGURE 6. A1(TO) phonon dependence with Al concentration
for AlxGa1−xN alloy (upper figure), and as a function of the In
concentration for InxGa1−xN (lower figure). We present our cal-
culations (full circles), the experimental results of Ref. 64 (open
circles with plus), and Ref. 65 (open circles). Solid line depicts the
calculated values from Ref. 66.

3.3. Calculated effective masses

As a by-product of our electronic band structure calculations,
it is easy to compute the curvature of the minimum of the
conduction band as well as the maximum of the valence band
in the vicinity of theΓ-point. From these values the effective
masses of the electrons and holes can be obtained.

At theΓ-point, the effective mass of thes-like conduction
band can be obtained through a simple parabolic fit using the
standard definition:

mo

m∗ =
mo

~2

∂2E

∂k2
(3)

with m∗ the effective mass of the electrons andmo the free
electron mass.

The valence band states at theΓ-point are derived from
the p−bonding states, and for the wurtzite crystals, these
states are not as symmetric as those in the conduction band.
However, we can calculate the curvature of the valence band
maximum using the following approach: if the spin-orbit in-
teraction were neglected, the top of the valence band would
have a parabolic behavior. This implies that the highest va-
lence bands are parabolic near theΓ-point. In this work,
all the systems studied satisfy this parabolic condition of the
maximum of the valence band at theΓ-point [52]. With this
approach, and using Eq. (3), with the minus sign, we have
calculated the effective masses of the heavy holes at theΓ-
point.

Table V shows our calculated effective masses for the bi-
nary compounds, AlN, GaN, and InN, as well as for their
related alloys. This table also includes theoretical and experi-
mental values reported in the literature. The average effective
mass can be obtained using
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TABLE VI. CalculatedA1(TO) mode for the different systems studied in this work. Comparison with other calculations and experimental
data (all values in cm−1).

System Present work Other results Experimental

GaN 516 537a 545b 533.8c 533.5d

Al25Ga75N 529

Al50Ga50N 538

Al25Ga25N 548

AlN 565 649a 615c 619e 613.8c

In25Ga75N 507

In50Ga50N 491

In75Ga25N 475

InN 466 443f 447g 440f

a Ref. 70 I. Gorczycaet al., b Ref. 71 M.R. Aouaset al., c Ref. 72 Yu. Davidovet al., d Ref. 73 J.M. Zhanget al., e Ref. 74 K. Karchet al.,
f Ref. 75 G. Kaczmarczyket al., g Ref. 76 Yu. Davidovet al.

m∗ = [m⊥
Γ→Mm⊥

Γ→Km
‖
Γ→A]1/3.

Where,m⊥ andm‖ are the masses in the direction perpen-
dicular and parallel to thec-axis, respectively. For the bi-
nary compounds, we conclude that our calculated effective
masses are in the range of most of the reported theoretical
and experimental values. Moreover, our calculated values are
in good agreement with those recommended by Vurgaftman
and Meyer [55].

In the same table appear the effective masses for the al-
loys studied in this work. As we can see, the electron ef-
fective mass for AlxGa1−xN increases when we increase the
Al concentration. To our knowledge, there are reports of
the electron effective mass corresponding to the cubic phase
only [53]. The behavior for our calculations and the reported
cubic phase values show the same tendency, and this is also
valid for the heavy hole effective mass. From Table V we can
observe that the calculated effective masses for InxGa1−xN
show a non-monotonic behavior as a function of the In con-
centration. The same behavior is observed in the cubic phase
of this alloy, for intermediate values of the In concentration,
reported in Ref. 54.

3.4. Zone center phonon calculation

Finally, and by using the so-called frozen phonon approach,
we computed the zone center phonon modes, A1(TO) and
E1(TO), considering the change of the total energy as a func-
tion of the displacement,u, of the atoms in the unit cell from
their equilibrium positions. In particular, we can compute
the A1(TO) mode by considering small displacements of the
atoms along the optical axis (the c-axis) of the wurtzite phase.
This is the only mode reported in this paper. In our approach
we considered fixed the center of mass of the system, formed
in this case by the cation (Al, Ga, In) and its nearest neighbor
anion (N) [73]. Because we are at the minimum of the total

energy of the system, perturbation around this minimum al-
lows us to use a parabolic approach to the total energy as a
function of the displacement,i.e.,

ETotal(u) = Eo + uE1 + u2E2 = ~ω, (4)

whereEi (i = 0, 1, 2) are fit parameters, andω is the fre-
quency. Within this approach, our calculated value for the
A1(TO) mode for the binary compounds shows good agree-
ment with most of the experimental reports as shown in Ta-
ble VI. Figure 6a shows our calculated A1(TO) mode for the
AlxGa1−xN alloy. In the same figure appear the experimen-
tal data of Refs. 64 and 65, and the theoretical calculations
of Ref. 66. Although the numerical values are slightly differ-
ent over the whole range of Al concentration, we obtain the
same tendency than the experimental reports. On the other
hand, Fig. 6b shows the A1(TO) mode for the InxGa1−xN
alloy and we compare them with theoretical calculations re-
ported in Ref. 66. As in the previous case, for the A1(TO)
mode, we reproduce the tendency reported in Ref. 66. In
conclusion, our calculations reproduce properly the reported
values of the A1(TO) mode for the alloys as well as the cor-
responding binary compounds.

4. Conclusions

We have calculated the structural and electronic properties of
wurtzite AlN, GaN, InN, and their related alloys, AlxGa1−xN
and InxGa1−xN. We found that, for both alloys, their struc-
tural parameters as a function of the concentration,x, do not
follow Vegard’s law. We observed that for the AlxGa1−xN al-
loy, thea, c, and u parameters have a positive bowing, with
lattice constantc, the one that possesses the largest value. On
the other hand, for the InxGa1−xN alloy, thea andc parame-
ters have a negative bowing, while the bowing parameter for
the internal parameter,u, is positive. Due to the good agree-
ment between the nearest neighbor and next nearest neighbor
distances obtained in this work, and the EXFAS measure-
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ments, we can state that our calculation properly reproduces
the structural properties. From our results of the electronic
band structure calculations, we obtained the band gap as a
function of the concentration,x, and characterized the devi-
ation from the linear behavior calculating the optical bowing
parameter,δ. We obtain a small optical bowing parameter,
δ = 0.3185, for the AlxGa1−xN alloy, which is consistent
with results reported previously. The deviation from the lin-
ear behavior is more drastic for the InxGa1−xN alloy, due to
the larger bowing parameterδ = 0.9990, in accordance with
most of the experimental results found in the literature. The
effective masses of the systems studied in this work were cal-
culated and the obtained values for the binary compounds,
AlN, GaN, and InN, are in the range of those reported in the
literature. To the best of our knowledge, this is the first time
that the effective masses for these alloys have been reported.
Finally, using the frozen phonon approach, we have com-

puted the A1(TO) mode for the different systems studied in
this work. We found good agreement with experimental val-
ues reported for the binary compounds; for the ternary alloys,
we reproduce the experimental values for the AlxGa1−xN al-
loy, and the theoretical predictions for the InxGa1−xN alloy.

Acknowledgments

This work was done thanks to the Computer Facilities of
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