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A Computational Investigation of Electronic Structure 
and Optical Properties of AlCuO2 and AlCu0.96Fe0.04O2: A 
First Principle Approach  
 

Md. Tawhidul Islam  a, Ajoy Kumer  b, Unesco Chakma   a, Debashis Howlader  a  
 

The synthesized compound AlCuO2 was established and structurally characterized as the semiconductor. It is 
noted that there are no available data for theoretical studies, as well as computational studies. For developing 
theoretical studies on AlCuO2, this study has been designed by computational tools. Applying computational 
approaches, the electronic structure and optical properties were calculated for the AlCuO2 molecule, and 

computational tools of the CASTAP code from material studio 8.0 were used in this investigation. First of all, the 
band gap was recorded by 1.81 eV through the Generalized Gradient Approximation (GGA) based on the Perdew 
Burke Ernzerhof (PBE), and the density of state and the partial density of state were simulated for evaluating the 
nature of 3s2, 3p1 orbital for Al, 3d10, 4s1 orbital for Cu, 3d6, 4s2 orbital for Fe and 2s2, 2p4 orbital for O atom of 
AlCuO2. The optical properties, for instance, absorption, reflection, refractive index, conductivity, dielectric 
function, and loss function, were calculated. To develop the conducting nature, 4% Fe atom was doped by 
replacing the Cu atom on AlCuO2. As a result, the band gap was found at 0.00 eV having molecular formulation 
as AlCu0.96Fe0.04O2, as well as the optical conductivity and optical absorption was soared comparing with parent 
AlCuO2. From the analysis of the band gap and optical properties in AlCu0.96Fe0.04O2, it can be established that 
the semiconductor, AlCuO2, has converted into a superconductor due to 4% Fe atom doping. 
 

Graphical abstract  

                   

1. Introduction  

With the enlargement of the global semiconductor 
industry, semiconductor materials are a fundamental 

element for the information society's high-tech industry, and 
the 21st century has become a significant data age [1, 2]. 
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High-speed computing, large-capacity data communication, 
storage, processing, electronic devices are essential objects 
for the development of the national economy and national 
security. The basic and supporting materials have required 
for the production of electronic circuits, such as large 
circuits, flat display devices, compound semiconductor 
devices, solar cells, and optical fibers [3, 4]. Regarding this 
case, the use of semiconductors has been increasing day by 
day, and the role of semiconductors is related to the field of 
discovering new advanced technologies for electronic 
devices. The downstream IC, LCD/LED, BJT, MOSFET,  
transistor, resistor, and photovoltaic solar power are almost 
impossible to produce without the semiconductors [5, 6]. The 
semiconductor device is just a name of insulating with a 
small band gap, and the range of band gap is 3.0 to 1.0 eV. 
Due to their enormous applications in the computer devices, 
photovoltaic industry, transistors, lasers, solar cells demand 
and development, its researches have been spreading recent 
times, as well as industrial applications [7]. 

The discovery of new devices and existing materials for 
futuristic electronic devices is an essential area of research 
in the advanced subject of material science and engineering. 
The most common semiconductors are GaAs, InN, GaN, and 
ZnTe, while ZnO is considered as the best understood 
through band gap concepts. The elements of groups IV and 
VI have traditionally been used for the metal oxides and 
crystal-based semiconductors, and the most common 
elements are Te, Zn, Cu, Si, Ge, Sn, and Se for their easily 
electronic transition from valance band to conduction band 
[8, 9]. Secondly, the enormous demand in the area of the 
electronic device makes the new searching material in 
engineering while alloys, some metal oxides and crystals, 
such as GaP, GaSb, CdSe and Cu2S, etc have made the 
boarding scope in applications [10, 11]. Among all targeting 
materials, AlCuO2 has been considered as a typical 
compound of semiconductor materials for potential 
applications as optical fiber, thermoelectric devices, 
photocatalyst, and catalytic properties, which have lead to 
speedy progress in techniques and methods. In addition, 
AlCuO2 has been using to create thin films [12], a catalyst for 
hydrogen production for organic or dye degradation [13], dye-
sensitized photocathode [14], strain to tailor electronic [15], 
powder dispersed in composite gel electrolyte in the solar 
cell [16] and bulk single crystals, as well as in areas of 
electronic ceramic reinforcement, semiconductor material 
synthesis, and plastics or aluminum/copper matrix alloy 
production [7, 17, 18]. Moreover, AlCuO2 had known as the 
delafossite oxides, which are transparent p-type 
semiconductor in the thin-film form [19]. 

Despite these many advanced applications, much of the 
confusion has arisen from conflicting reports on the band 
gap which was measured by room temperature absorption 
techniques [20]. Some experimental reports for band gap had 
published from 1994 to 2009, whereas the band gap had an 
estimated 1.60 to 1.80 eV corresponding visible range 
around 348-400 nm [14, 21-23]. In our investigation, the band 
gap was determined by the simulation method using 
computational tools which supports less time and cost than 
experiments and compares the calculated band gap to the 
experiment value for its validation. Additionally, to develop 
and enhance its activity, Fe was doped on CuAlO2, because 
Fe has already investigated as a medium atom for reducing 
the band gap, conductivity, and enhancing photocatalytic 
activity [24-31]. As the low-cost delafossite CuAl0.96Fe0.04O2 
had firstly synthesized and introduced as the material of 
thermoelectric properties, there are not enormous study on 

CuAl0.96Fe0.04O2 (32).  
For this view, the other aim of this study is to examine the 

effect of Fe doped replacing Cu on the AlCuO2 compound, 
and its molecular formula becomes AlCu0.96Fe0.04O2 after 4% 
Fe doping. As a result, these properties, which have been 
derived from simulation after doping, have significant 
intensive attention for potential applications. For using the 
AlCuO2, this study supports to development of the theoretical 
concept using the first principle study and opens a new 
window for potential application by Fe doping in AlCuO2. 

2. Results and Discussion  

2.1 Optimized structure 
The lattice parameters are a= 2.880Å, b = 2.880Å, c = 

11.413Å and angels between them as α= 90.0 A°, β= 90.0 A°, 
γ= 120.0 A°. The monoclinic AlCuO2 crystal and also the area 
cluster is Hermanna Mauguin, P63/mmc, hexagonal crystals 
system, point cluster 6/mmm, hall-P 6c 2c, density 4.96 
g/cm3 shown in Figure 1a, and also the Fe doped optimized 
structure is addressed in Figure 1b. 

 
2.2 Electronic band structure 

 To determine the electronic band structure of AlCuO2 
and AlCu0.96Fe0.04O2, the Fermi energy level was set at zero. 
From Figure 2a for AlCuO2 semiconductor, the minimum of 
conduction (MCB) was obtained at the G symmetry point, 
whereas the maximum of valance bands (MVB) was also 
found at G symmetry points. As the MCB and MVB are 
obtained at point G symmetry point, it is called an indirect 
band gap, and it is calculated by 1.81 eV. It also seems that 
each of the higher and lower components of the conduction 
band is well dispersed in the near G, Z, and X symmetry 
points than F and L symmetry points. The calculated band 
gap of 1.81 eV is completely overlapped with the 
experimental band gap reported by Lu, Yun, et al.  [33] which 
was 1.80 eV. On the other hand, the higher level of the 
valence band is close to the G symmetry point, and it is 
equally dispersive. Another point is that the lower part is not 
well dispersive like the upper level. In general, a lower carrier 
effective mass corresponds to the next carrier mobility. The 
main key point of this research is noted that the band gap of 
AlCuO2 has been reduced for use as a superconductor when 
Fe had doped by 4%. The reason is explained that Fe atom 
can enhance the electron density in both areas of valance 
band and conduction band besides d and p orbitals of Fe 
atom have quickly overlapped with the p and d orbitals with 
Al and Cu metals for quickly transferring the hole electrons. 
That is why the minimum portion of Fe by 4% was doped in 
AlCuO2 and illustrated the effect on the band structure. The 
band gap was recorded at the middle of the G and Y 
symmetry point for both MCB and MVB after doping, showing 
a direct band gap by 0.00 eV, which stands for that Fe atom 
has a high capacity on AlCuO2 to reduce the band gap acting 
for a superconductor. 

 
2.3 The Density of states and Partial density of state  

 The density of the state indicates the characteristic of 
electronic band structures and the splitting of an orbital. The 
GGA with PBE method was used to calculate the density of 
states (DOS) of Al, Cu, Fe, and O atoms of AlCuO2 and 
AlCu0.96Fe0.04O2 crystals. Form Figure 3b, the sum of DOS for 
AlCuO2 consists of 2s, 2p orbitals for an oxygen atom, 3s, 3p 
orbitals for aluminum, and 4s, 3d orbitals for Cupper atom. 
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Similarly, after Fe doping by 4%, the sum of DOS composes 
of 2s, 2p orbitals for an oxygen atom, 3s, 3p orbitals for 
aluminum and 4s, 3d orbitals for Cupper and 3d, 4s orbitals 
for Iron atom. From Figure 3a, it is observed that the DOS of 
AlCuO2 in the valance band is much smaller than the DOS of 
AlCu0.96Fe0.04O2. Secondly, the DOS of AlCu0.96Fe0.04O2 in the 
conduction band is almost three times greater than the DOS 

of AlCuO2. The DOS of the valance band is found at 65 
electron/eV, while the DOS of the conduction band is 
recorded at about 30 electron/eV. To compare the s, p, and d 
orbitals for both doping and undoped AlCuO2, the orbitals for 
AlCu0.96Fe0.04O2 are much higher than AlCuO2, and it can be 
said that the Fe doping on AlCuO2 has increased the DOS of 
any crystal showing in figures 3a, 3b, 3c, 3d, 3e, and 3f. 

 

             
                              (a)                                                                                         (b) 
Fig. 1. (a) Structure for AlCuO2. (b). Structure for AlCu0.96Fe0.04O2. 
 

        
                                                         (a)                                                                                                   (b) 
Fig. 2. (a) Electronic structure for undoped. (b) Electronic structure for doped. 
 

2.4 Optical properties  
2.4.1 Optical reflectivity  

 The study and characterization of optical reflectivity for 
AlCuO2 and AlCu0.96Fe0.04O2   consist of the intense light first 
inducing a nonlinear response in a medium. The medium is 
reacting and modifying the optical fields of the nonlinear 
method. There is a wide variety of nonlinear optical 
phenomena in semiconductors, which leads to much 
identification showing a sharp peak on the subject of 
nonlinear properties. At first, we go through the 
quantification of optical reflectivity of a crystalline material 
because it has a significant role in the electronic transition 

from the valance band to the conduction band of 
compounds. The amount of light that is incident on the 
surface of the semiconductor materials, and it is estimated 
from the reflectivity data, mentions the higher electronic 
transition. Withal, it is related to the absorbance of that 
materials. In our investigation, we observed that the optical 
reflectivity was found as a sharp peak at 2, 7, 13, 22, and 24 
for doping and 5, 8, 12, 22, and 24 photon energy while both 
doping and undoped overlap at 24 eV photon energy, and 
doping is slightly higher than undoped as illustrated in Figure 
4. 



Orbital: Electron. J. Chem. 2021, 13(1), 58-64 
 
 

 
Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br                                                                 61 

 
 

 (a)  (b) 

  
 (c)  (d) 

 
 

 (e)  (f) 
Fig. 3. (a) comparison of total DOS for doped and undoped; (b). PDOS for undoped; (c). PDOS for doped; (d). a comparison of the DOS of 
s orbital for doped and undoped; (e). a comparison of the DOS of p orbital for doped and undoped; f). a comparison of the DOS of d 
orbital for doped and undoped. 
 

2.4.2 Absorption 
The polycrystalline polarization method is utilized to 

calculate the optical absorbance of the AlCuO2 and 
AlCu0.96Fe0.04O2 materials. During the simulation, a small 
smearing value of 0.1 was applied to attain more 
distinguishable absorbed peaks. The obtained absorbed 
peaks are attributed to the photo transition energies from the 
maximum valance band (MVB) to the minimum conduction 
band (MCB) under visible light irradiation represented in 
Figure 5, which indicates that this material can absorb 

photons of visible range. Moreover, it has been observed that 
the absorption of AlCu0.96Fe0.04O2 is almost higher than 
AlCuO2 except for the range of 5 to 10 eV. Fe doping can 
increase absorption than its parent material. 
 
2.4.3 Reflective Index 

The refractive index of a material is an impactful 
parameter for measuring photon absorption. The large value 
of the refractive index is associated with the greater denser 
medium. Figure 6 displays the refractive index as a function 
of photon energy where the real part and the imaginary part 
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are mentioned for both of the undoped and doped, and it 
shows an inverse pattern. The real and imaginary part of 
doping is higher than undoped consecutive at all photon 
energy, which means that after Fe doping, AlCu0.96Fe0.04O2 
can act as a denser medium than AlCuO2. 

 

  
Fig. 4. Reflectivity. 

 

 
Fig. 5. Absorption. 
  

 
Fig. 6. Refractive index. 

 
2.4.4 Dielectric Function 

The dielectric function is an essential tool to investigate 
their optical properties, which are related to adsorption 
properties as the following equation for solid [34].  

ε = 〖ε 〗_1 (ω)+i〖ε 〗_2 (ω) 
Where, 𝜀𝜀1 (𝜔𝜔) and 𝜀𝜀2 (𝜔𝜔) are denoted the dielectric 

constant (real part) and the dielectric loss factor (imaginary 
part), respectively. The dielectric function has a relationship 
with the space of materials, which are physically equivalent 
to the permittivity or absolute permittivity. The real part of the 
dielectric function represents the energy storage capability in 
the electric field, and from Figure 7, it has been seen that the 
real part of the dielectric function has declined after Fe 
doping. As a result, the conductivity was soared in 
AlCu0.96Fe0.04O2 than AlCuO2. 

The second symbol (𝜀𝜀2 (𝜔𝜔)) from the above equation is 
known as the imaginary part, which represents the energy 
dissipation capability of the dielectric materials. From Figure 
7, the imaginary part of undoped is less than doping. 

 

 
Fig. 7. Dielectric function. 

 
2.4.5 Conductivity 

The conductivity of the semiconductor-based materials in 
terms of the energy band and orbital electrons is linked with 
the discrete space of electrons in orbitals. This is also 
produced due to the presence of holes and free electrons in 
the crystal molecules. From Figure 8, it is observed that the 
conductivity for both real and imaginary parts is bigger than 
the undoped of AlCuO2. 

 

 
Fig. 8. Conductivity. 

 
2.4.6 Loss function 
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There are two regions for the electronic energy loss 
function, such as the high energy region or low energy region 
for optical properties. From Figure 9, the loss function for 
doped is poor higher than undoped. 

 

 
Fig. 9. Loss function. 

3. Material and Methods  

At first, the geometric optimization was achieved, and the 
convergence criterion for the force between atoms, the 
maximum displacement, and the total energy was built in 
2×10−6 eV/atom, 1×10−5A˚, and 1×10−5 eV/atom, respectively. 
The 1×1×1 supercell models were considered to simulate the 
structural electronic and optical properties of AlCuO2 and 
AlCu0.96Fe0.04O2 shown in Figure 1a and Figure 1b, 
respectively. To calculate the band gap and density of states, 
the method of GGA with PBE was optimized using CASTEP 
code [33] from material studio 8.0 [34]. In this condition, the 
band gap and density of states were calculated using the 
method of GGA with PBE, keeping the cut off at 523 and k 
point at 4×4×2 with nom-conserving pseudopotentials 
functional. The optical properties, such as refractive index, 
reflectivity, absorption, conductivity, and loss function, were 
also calculated using the same method and condition. 

4. Conclusions  

The electronic structure and optical properties of AlCuO2 
and Fe doped by 4% in AlCuO2 have theoretically and 
computationally investigated for establishing a comparing 
data of doped and undoped. First of all, the band gap of 
AlCuO2 has been recorded by 1.81 eV as supporting a 
semiconductor that has been filled up the lack of literacy 
about band gap and electronic structure for AlCuO2 of a 
theoretical result. The main novelty of this study is to 
evaluate the Fe doping effect on electronic structure, 
especially band gap, DOS, PDOS, and optical properties. After 
Fe doping by 4 % in AlCuO2, the band gap has shifted in 0.00 
eV, and PDOS and sum of DOS have increased, as well as the 
delocalization of electron has also been enhanced. Secondly, 
the optical properties, due to Fe doping, has changed. The 
optical absorption, reflectivity, loss function, and conductivity 
of doped AlCuO2 are greater than undoped AlCuO2, but the 
real part of the dielectric function is lower than undoped. 
Finally, it can be said that the 4% Fe doping in AlCuO2 
converts into a superconductor from a wide band gap 
semiconductor. 
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