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This paper employs the Heyd-Scuseria-Ernzerhof (HSE) function to research electronic structures of monolayer InxAl1-xN
with different compositions (x = 0, 0.25, 0.5, 0.75, 1) based on the first-principles, and the optical properties of singlelayer InxAl1-xN are calculated by Generalized Gradient Approximation-Perdew Burke Ernzerhof (GGA-PBE) function.
The influence of the electronic structure on the properties has been analyzed. Then the influence of doping quantity on the
characteristics has been summarized, which also indicates the trend of the complex dielectric function and absorption
spectrum. The calculation results show that with the increase of x, the static dielectric constant increases, the electron
transition ability increases, and the absorption peak intensity in the light absorption spectrum increases. It can conclude
that the InxAl1-xN compound can theoretically achieve the adjustable Eg and photoelectric performance with x, which will
apply in making various optoelectronic devices, including solar cells and sensors.
Keywords: InxAl1-xN, density functional theory, electronic structure, photoelectric property.

1. INTRODUCTION∗
The ever-growing electronic technology has InN-based
semiconductor materials (such as binary InN or ternary
InGaN crystals) that belong to direct gap semiconductors
attracted extensive attention. They are favorable electronic
and optical properties, including high carrier mobility, high
breakdown voltage, high speed, and a considerable range of
emissions in the visible spectrum [1]. There makes it
possible to widely use in power electronic equipment,
sensors, high-efficiency solar cells, high electron mobility
transistors (HEMT), and other fields [2, 3]. As an III-V
nitride semiconductor, InxAl1-xN has a large and adjustable
bandgap ranging from 0.7 eV to 6.2 eV [4], as well as
excellent photoelectric properties, so it has become a current
research hotspot.
In the process of the experiment, InxAl1-xN materials
preparation is difficult due to a very discrepancy in the
growth environment between the InN and the AlN. As their
material thickness can be controllable theoretically, many
scholars have researched III-V nitride semiconductors
through theoretical calculations. As early as 1986, Ching W
Y and others used first principles to calculate the AlN of
electronic structure, lattice constant, internal parameters,
and cohesive energy. Subsequently, researchers applied
first-principles calculations to the thermodynamic and
electronic properties of InxAl1-xN alloys [5,6] research. They
also studied the thermodynamic stability and charger
distribution of ternary AlGaN, InGaN, and InGaN alloys
[7]. In recent years, some scholars have also studied the IIIV nitrides’ [8] elastic properties, adsorption properties
[9, 10], and changes in band gap and magnetic properties
caused by their defects [11, 12]. At the same time,
∗
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researchers have also considered changing their
composition or modifying through doping and
compounding methods to explore III-V nitride materials’
electronic structure and other properties [13 – 15].
In recent years, international articles on III-V nitride
semiconductors are more about binary compounds AlN,
InN, GaN [16 – 20], and most of the research on InxAl1-xN
mainly explores its bulk materials and multilayer film
[21, 22]. However, the first-principles study on the
electronic structure and optical properties of the nano-scale
graphene-like monolayer InxAl1-xN rare discusses. And for
the optical properties, the DFT framework is not accurate
enough because of the underestimation of the bandgap. By
employing Heyd-Scuseria-Ernzerhof (HSE) function based
on the first-principles that is more accurate than DFT, this
paper discusses the electronic structure and optical
properties of the graphene-like monolayer InxAl1-xN. The
paper also exhaustively discusses optoelectronic properties
of monolayer InxAl1-xN with different compositions, which
provides an important theoretical basis for the research of
optoelectronic devices and sensors.

2. MODEL AND COMPUTATIONAL
METHODS
2.1. Model establishment
AlN and InN are both III-V binary nitrides. The space
group is 186 (p63mc), the crystal plane axis angle is
𝛼𝛼 = 𝛽𝛽 = 90° , γ = 120° . The lattice constants of AlN [23]
are a = b = 3.11 Å, c = 4.98 Å, and the lattice constants of
InN are a = b = 3.544 Å, c = 5.718 Å. As shown in Fig. 1,
along with the cutting direction of 001, the constructed AlN

and InN unit cells cut into a monolayer unit cell, which
contains one Al (In) atom and one N atom.

3. RESULTS AND DISCUSSION
3.1. Analysis of the electric structure of

InxAl1-xN crystal
3.1.1. Geometric structure and stability analysis

Fig. 1. AlN unit cell and cut monolayer unit cell

As shown in Fig. 2, the InxAl1-xN model, AlN, and InN
belong to III-V nitrides, all of which are wurtzite structures.
In this paper, based on the optimized AlN unit cell, we select
a 4 × 4 × 1 supercell model and set the vacuum layer to
15 Å. Specifically, there are 32 atoms, 16 Al atoms, and
16 N atoms in the AlN monolayer. On this basis, In atoms
are introduced to replace Al atoms in AlN to construct
InxAl1-xN supercells. According to Fig. 2, it can be
concluded that when the exponent increases, one Al atom is
uniformly replaced with In atoms of each oblique column.

After geometrically optimizing the 4 × 4 × 1 supercell,
the lattice constant and bond length of the supercell change
slightly. To understand the stability of the monolayer
structure, it is necessary to consider the binding energy Eb.
Therefore, this part analyzes the stability of five monolayer
structures from the energy point of view. Specifically, the
energy is the binding energy released when the particles
combine to form new particles. The larger the calculated
absolute value of the energy is, the more stable the system
is. The specific expression is [25]:
1

𝐸𝐸𝑏𝑏 = {𝐸𝐸𝑡𝑡 − 𝑛𝑛0 𝐸𝐸𝑖𝑖 (𝐼𝐼𝐼𝐼) − 𝑛𝑛1 𝐸𝐸𝑖𝑖 (𝑁𝑁) − 𝑛𝑛2 𝐸𝐸𝑖𝑖 (𝐴𝐴𝐴𝐴)}.

Among them, Et represents the total energy of the
InxAl1-xN monolayer structure system. The energy of the
three atoms of In, Al, and N in the free state is represented
by Eisolate (In), Eisolate (Al), Eisolate (N), and n0 are In in the
system. And n1 is the total number of N atoms in the system,
n2 is the number of Al atoms in the system. Therefore, the
specific formula for the InxAl1-xN monolayer system when x
is equal to 0.5 is:
𝐸𝐸𝑏𝑏 =

Fig. 2. InxAl1-xN models

2.2. Calculation method
The structure optimization and performance
calculations in this paper are all carried out in the
Cambridge Serial Total Energy Package (CASTEP) module
of Material Studio software. To ensure the accuracy of the
data, the experiment first conducts interactive functional,
cut-off energy, and K-point tests on AlN and InN monolayer
unit cell structures. In the CASTEP module, the Medium is
for optimization and the Fine for calculation. Generalized
Gradient Approximation-Perdew Burke Ernzerhof (GGAPBE) functions describe the interaction between electrons
and ions using super soft pseudopotentials [24], and the
Two-Point Steepest Descent (TPSD) algorithm is employed
in the model optimization process. The energy convergence
precision is 1.0×10-5 eV/atom, the stress convergence
precision is 0.05 GPa, the displacement convergence
precision is 1.0 × 10-3 Å, and the force convergence
precision is 0.03 eV/Å. In the monolayer calculation of
the
integration
path
in
InxAl1-xN,
G(0,0,0)-M(0,0.5,0)-K(-0.333,0.667,0)-G(0,0,0), which is
involved the valence electrons are In: 4d105s25p1, Al: 3s23p1,
N: 2s22p3.

(1)

𝑁𝑁

1

32

{𝐸𝐸𝑡𝑡 − 8𝐸𝐸𝑖𝑖 (𝐴𝐴𝐴𝐴) − 16𝐸𝐸𝑖𝑖 (𝑁𝑁) − 8𝐸𝐸𝑖𝑖 (𝐼𝐼𝐼𝐼)}.

(2)

In the analysis of structure and stability, this paper
respectively lists a(Å) lattice constant, dIn-N (which is the
bond length between In atom and N atom), and dAl-N
(which is the bond length and binding energy between Al
atom and N atom). The measurement and calculation results
are shown in Table 1. After calculating by GGA, the
obtained lattice constants of InN and AlN are larger than the
experimental values. Among them, the deviation of AlN and
the experimental value is 0.25 %, and the deviation of InN
is 1.3 %. Since the In3+ ion radius is larger than the Al3+ ion
radius, with the increase of x, the lattice constant of the
supercell gradually increases, and the volume of the
supercell also increases when the Al in the AlN monolayer
is doped with In instead of substitution, which is in line with
Vegard`Law [26]. The bond length of AlN and InN are
consistent with those in reference [27]. The binding energies
of the five systems are all negative, indicating that the five
models are all thermodynamically stable configurations
with a certain degree of stability. Compared with InN, AlN
has better stability, and the structure becomes more stable
as the In composition increases. The absolute value of
binding energy decreases.
Table 1. The theoretical values of lattice constant, bond length and
binding energy of InxAl1-xN monolayer were optimized
AlN
In0.25Al0.75N
In0.5Al0.5N
In0.75Al0.25N
InN

a(Å)
12.51
12.93
13.45
13.92
14.35

dIn-N
–
2.054
2.074
2.078
2.073

dAl-N
1.800
1.781
1.820
1.820
–

Eb
-5.56
-6.44
-5.92
-5.42
-5.04

By calculating the frequency values of phonons of
In0.5Al0.5N structure at the special points G (0.0,0.0,0.0), Y
(0.0,0.5,0.0) and, D (0.5,0.0,0.5) in the Brillouin region, the
experiment obtains the curves of phonon dispersion and
density of states, as shown in Fig. 3 a.

the temperature sets to 300 K. As shown in Fig. 3 b, during
NVT operation, the temperature fluctuates in a small range
(± 10 ℃) near 300 K. In the process of kinetic relaxation,
when the fluctuation amplitude is less than 10 %, the system
has reached a relatively stable state. Referring to this
standard, it can conclude that this system is already in a
relatively stable state.
3.1.2. Analysis of energy band and density of states

a

b
Fig. 2. a – the curves of phonon dispersion and density of states,
b – temperature fluctuation curve of dynamic relaxation

If the protocell contains N atoms, the dispersion
relationship should involve 3N branches, including 3
acoustic branches and 3N-3 optical branches. The single
layer In0.5Al0.5N contains 32 atoms, so there should be 3
acoustic branches and 93 optical branches. This calculated
result is just consistent with the theory. It can be seen that
from this figure that there is an obvious bandgap in the
structure (i.e. the phonon frequency in this range is zero),
and the range is approximately 15 – 22 THz. This result can
be explained by the large difference in the relative mass of
the atoms constituting the structure. The phonon dispersion
curve shows that there is no obvious virtual frequency near
the center of the Brillouin region, which indicates that the
parameter setting of structural optimization is reasonable,
and the structure is relatively stable theoretically. At the
same time, we also carry out MD molecular dynamics
calculations for the geometrically optimized In0.5Al0.5N
model. The whole system is simulated under NVT ensemble
(the energy E is not fixed, but the temperature T and volume
V have definite values) with periodic boundary conditions,
the time step sets to 1fs, the simulation time is 2.51ps, and

Due to the change of electron energy, an energy band
makes a transition in energy level. For semiconductors,
when external conditions change, part of the electrons in the
full band absorb energy from the external electric field and
transition to the empty band with not occupied by electrons
and then form current, which is called the conduction band.
Valence band maximum (VBM) is the top of the valence
band, Eg called the forbidden bandwidth, and conduction
band minimum (CBM) is the low conduction band. Band
analysis is generally one of the first-principles works of
analyzing materials.
Fig. 4 shows the energy band structure of InxAl1-xN
(x = 0, 0.25, 0.5, 0.75, 1) and the corresponding density of
states diagram. Fig. 4 f summarizes the variation of the
InxAl1-xN monolayer varies with x, and numbers at points of
graph line indicate the forbidden bandwidth of different x.
When x = 0, it is a 4 × 4 × 1 monolayer AlN model. As can
be seen, in (a), the forbidden bandwidth of the monolayer
AlN is 2.561 eV, and CBM and the VBM are at different
points in the Brillouin zone, so it is an indirect bandgap
semiconductor. The conduction band ranges from 2.561 eV
to 15.4 eV, and the valence band is mainly composed of an
upper valence band from 0 eV to -4.83 eV. The result is
similar to the energy band of AlN In [9].
When x = 1, it is a monolayer InN model, as shown in
Fig. 4 e. Its bandgap is 1.936 eV. The low conduction band
and the top of the valence band locate at different positions
in the Brillouin zone, so it is an indirect bandgap
semiconductor. The conduction band ranges from 1.936 eV
to 17.8 eV, and the valence band is composed of an upper
valence band from 0 eV to -5.03 eV and a lower valence
band from -10.6 eV to -14.7 eV. Compared with the energy
band of the conduction band and the two valence bands, the
effective mass of electrons in the conduction band is smaller
than the other two energy bands, and there is a forced degree
of non-locality and atomic orbital extensibility.
The experimental values of the InxAl1-xN bandgap width
of different components are shown in Table 2 [4]. Both
theoretical and experimental results show that, with the
decrease of x, the forbidden bandwidth of InxAl1-xN
gradually decreases, which is in line with Vegard's Law.
Table 2. Experimental values of InxAl1-xN bandgap width of
different components
InxAl1-xN
AlN
In0.54Al0.46N
In0.55Al0.45N
In0.58Al0.42N
In0.61Al0.39N
In0.64Al0.36N
In0.67Al0.33N
InN

Eg, eV
6.3
1.93
1.88
1.69
1.60
1.47
1.35
0.7

a

b

c

d

e

f

Fig. 4. a, b, c, d, e – band structure of InxAl1-xN (x = 0, 0.25, 0.5, 0.75, 1) and the corresponding density of states diagram; f – bandgap of
InxAl1-xN (x=0,0.25,0.5,0.75,1) monolayer

By adjusting the compositions of In and Al, it realizes
the monolayer bandgap of the InxAl1-xN between AlN and
InN.
The monolayer bandgap is directly and continuously
adjustable, which reflects the application of InxAl1-xN
materials in optical devices ranging from visible light to
ultraviolet light.
The density of states can be combined with the energy
band structure to analyze the energy state structure of
electrons in a solid, and explain the distribution of electrons
in a certain energy range and the distribution of electrons in
each orbit. The density of states has two forms: partial
density of states (PDOS) and total density of states (TDOS),
which can better explain the interaction between atoms and

help us better analyze nano-scale solid semiconductor
materials. Fig. 4 shows the five energy bands and density of
states
structure
diagrams
of
InxAl1-xN
(x = 0, 0.25, 0.5, 0.75, 1). Because their model structures
and calculation methods are similar to the others, we only
analyze in the case of x = 0, 0.5, 1. Fig. 4 a shows the TDOS
and PDOS of the AlN monolayer. It can be seen from the
figure that the conduction band and the upper valence band
are mainly contributed by Al 3s, Al 3p, and N 2p states, and
the p orbital contribution is greater. The peak at 5.8 eV is
mainly contributed by Al 3p, the peak at -1.3 eV is mainly
contributed by N 2p and the lower valence band is mainly
contributed by N 2s. Fig. 4 c gives the DOS diagram of the
In0.5Al0.5N monolayer.

The conduction band is mainly composed of In 5p and
Al3p, which is similar to AlN. The p-orbital contributes
more to it and is wider than other energy ranges, which is
consistent with the energy band results. The lower valence
band is mainly composed of In 4d and N 2s, and the peak at
-13 eV is mainly contributed by In 4d. Fig. 4 e is the DOS
diagram of the InN monolayer. The conduction band is
mainly composed of N 2p, In 5s, and In 5p, while the upper
valence band is mainly composed of N 2p and In 5s, and the
lower valence band is mainly composed of N 2s and In 4d.
The peak of -13 eV is mainly contributed by In. As the In
composition increases, the peak value of the total density of
states between -10 eV and -15 eV becomes stronger, which
is mainly contributed by In 4d. As shown in Fig. 4 f, the
forbidden bandwidth of the material also shows a linearly
decreasing trend with the increase of the In composition,
which shows that the bandgap of the InxAl1-xN monolayer
can be adjusted between the range of AlN and InN. The
realization of the characteristics of direct and continuous
adjustment also shows that InxAl1-xN materials can be
applied to optical devices ranging from visible light to
ultraviolet light.

3.2. Discussion on the calculation characteristics of
InxAl1-xN crystal
We often use the optical properties of semiconductors
to discuss the light absorption and the optoelectronic
properties of materials. The essence of the optical properties
of the material is the interaction of photons, electrons, and
atoms in the material. The equation function which

describes the light absorption by the complex dielectric is
[28]:
𝜀𝜀(𝜔𝜔) = 𝜀𝜀1 (𝜔𝜔) ÷ 𝑖𝑖𝜀𝜀2 (𝜔𝜔);

(3)

𝑁𝑁(𝜔𝜔) = 𝑛𝑛(𝜔𝜔) ÷ 𝑖𝑖𝑘𝑘(𝜔𝜔).

(4)

(n(ω) + ik(ω))2 = ε1 (ω) + ε2 (ω).

(5)

Among them, 𝜀𝜀(𝜔𝜔) is the complex dielectric function,
𝜀𝜀2 is the imaginary part, 𝜀𝜀1 is the real part, and N is the
complex refractive index function. 𝑛𝑛(𝜔𝜔) is the real
refractive index, and 𝑘𝑘(𝜔𝜔) is the extinction coefficient. Use
the relationship between N and complex permittivity [29]:
According to the Kramers–Kronig relations between
𝑛𝑛(ω) and 𝑘𝑘(ω) , the absorption coefficient α(ω) can be
obtained [30]:
α(ω) =

2𝜔𝜔𝜔𝜔(𝜔𝜔)
∁

=

𝜀𝜀2 (𝜔𝜔)𝜔𝜔
𝑛𝑛(𝜔𝜔)∁

.

(6)

The above formulas are the basic theory of optical
properties, and these parameters can better describe the
microscopic properties of materials.
3.2.1. Complex dielectric function
Fig. 5 a depicts the imaginary part of the dielectric
function of the monolayer In1−xAlxN. There are multiple
peaks in the whole energy spectrum, which correspond to
the light absorption of multiple energy electron transitions,
and the main peak is formed by the transition of N 2p state
from the valence band to the conduction band.

a

b

c

d

Fig. 5. The imaginary and real parts of the dielectric function and its changing law

Fig. 5 b shows the changing trend of the main peak
position from 6.08 eV to 4.67 eV when the aluminum
concentration increases from 0 % to 100 %. When the
concentration of Al increases from 0 % to 100 %, the
position of the main peaks moves in the direction of low
energy without any notable shape changes, which is in good
agreement with the decrease of the bandgap. It shows that
the transition ability of the In1−xAlxN electron is higher than
AlN. The reason is that with the increase of x, the overlap
and hybridization degree of in 4d and N 2S increase,
resulting in the gradual decrease of Eg and the enhancement
of electron transition ability. Fig. 5 c is the real part of the
complex dielectric function. Observation shows that the
vibration frequencies of the five lines show a significantly
similar change trend, and finally reach a plateau. Fig. 5 d
summarizes that with the gradual increase of the In
composition, The main peaks are located at 5.37, 3.02, 2.27,
1.51, and 0.74 respectively, the peaks move to the lowenergy direction. The static dielectric constant of the
material is the value corresponding to the ordinate when the
energy is 0 eV in Fig. 5 c. Fig. 5 d shows that the static
dielectric constants of InxAl1-xN (x = 0, 0.25, 0.5, 0.75, 1)
are 1.7, 1.89, 2.15, 3.14, 4.28, respectively. With the
increase of In composition, the static dielectric constant
gradually increases. The explanation for this phenomenon is
that the band gap decreases with the In increases, which
makes it easier for electrons to transition from the top of the
valence band to the low conduction band, so the static
dielectric constant becomes larger.

a

b

3.2.2. Light absorption and loss
It can be seen from Fig. 6 a the light absorption diagram
of InxAl1-xN monolayer that the absorption edges of InxAl1xN monolayer AlN, In0.25Al0.75N, In0.5Al0.5N, In0.75Al0.25N,
and InN are respectively 2.89 eV, 2.24 eV, 1.58 eV,
0.98 eV, 0.48 eV. Redshift occurs with the increase of In
composition, and electrons in the material are more likely to
process a transition from the valence band to the conduction
band (Fig. 5 c).
The spectral range is mainly within 4 eV – 18 eV,
corresponding to the blue-violet light band between
100 nm – 400 nm. In the monolayer InxAl1-xN material, the
absorption peak of InN is the highest, and the peak of AlN
is the lowest. With the gradual increase of the In
composition, the absorption peak intensity of the onedimensional InxAl1-xN material gradually increases. It
indicates that the In composition with the introduction of
light absorption improves the luminous performance of
InxAl1-xN. Fig. 6 b is the light loss function of the InxAl1-xN
monolayer.
Compared with Fig. 6 a, the curve shows a similar trend
development, indicating that the absorption is proportional
to the loss. The monolayer InxAl1-xN material gradually
decreases with the x increases. The peak position of the
highest loss peak gradually reduces, located at 13.5 eV,
12.6 eV, 11.9 eV, 11.7 eV, 11.4 eV, and progressively
moves towards the lower energy direction, as shown in
Fig. 6 c. The calculation results show that the introduction
of In component improves both the light absorption of the
material and the luminescence performance of InxAl1-xN.

c
Fig. 6. a – light absorption coefficient; b – light loss; c – light
absorption edge and light loss peak position

4. CONCLUSIONS
In this paper, we constructed the AlN and InN
monolayer unit cells and calculated the optimized
photoelectric characteristics firstly, and then calculated the
electrical structure and photoelectric characteristics of
InxAl1-xN with different In densities. In the band structure,
with the increase of In atomic composition, the monolayer
lattice constant gradually becomes larger, which conforms
to Vegard’s Law [24]. The bandgap from the AlN
monolayer to InN monolayer continuously changes between
2.561 eV and 1.936 eV. By adjusting the composition of In
and Al, the forbidden bandwidth of the InxAl1-xN monolayer
is directly and continuously adjustable in the forbidden
bandwidth of AlN and InN, which realizes the application
of InxAl1-xN materials from visible light to ultraviolet light.
In optical properties, with the increase of In, the static
dielectric constant gradually increases, and the transition
ability of electrons gradually increases, making it easier for
electrons to transition from the top of the valence band to
the lower conduction band, and five in the imaginary part of
the complex dielectric function. The peak of the curve has a

redshift, and the peak moves in the direction of low energy.
From the light absorption and loss diagram, we can observe
that the light absorption spectrum is analogous to the change
of the bandgap. In the two-dimensional InxAl1-xN
monolayer, InN has the highest absorption peak, and AlN
has the lowest peak. At the same, with the gradual increase
of In composition, the absorption peak intensity of twodimensional InxAl1-xN increases. All of these show that the
In component can introduce light absorption to improve the
luminescence performance of InxAl1-xN, which is beneficial
to the development of optoelectronic devices.
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