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ABSTRACT
As Gallium oxides have been using in optoelectronic devices due to its high potentiality and efficiency,
therefore, the Gallium–Copper oxide crystal has been computationally designed and screened for its
electronic structure, thermo-electronic and optical properties using density functional theory (DFT). To
kick off, GGA) with PBE has been implemented for the crucial screening of its structural geometry and
the optimisation for both GaCuO2 and GaCu0.94Fe0.06O2. Afterwards, the electronic structure, thermo-
electronic and optical properties were analysed from optimised structures. In addition, for the
comparison study of obtained data of the GGA with PBE functional with two DFT functionals, such as
LDA with CA-PZ and GGA with RPBE methods have been performed. The band gaps for GaCuO2 are
0.756, 0.786 and 0.759 eV for the GGA with PBE, GGA with RPBE, and LDA with CA-PZ, respectively,
whereas it has garnered after 6% Fe doping (GaCu0.94Fe0.06O2) is at 0.00 eV. And come to think of it,
the thermo-electronic and thermophysical properties have been added to endow with the absorption
of visible light, thermal stability and thermal state before and after doping which leads to use these
crystals in lasers, solar cell even luminescent as optoelectronic materials.
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1. Introduction

Semiconductors are a curious class of materials having exclusive
electrical characteristics for their potential applications, such as
electronic technology [1], power devices [2], nanospintronic
devices [3,4], diodes, transistors [5], photo-sensors [6], microcon-
trollers [7] and integrated circuits [8]. In the contemporary era,
most of the electronic technologies and optoelectronic devices
solely depend on using of semiconductor materials due to their
chemical, physical, thermo-electronic properties [9], good chemi-
cal stability [10,11] and optical characters [12–19]. In addition, its
low cost and availability have been opening new windows for its
applications in medical devices [20], environmental safety equip-
ment [21], chemistry and chemical laboratory testing apparatus
[22] and photocatalysts for catalysis chemistry [23–26]. To say
more, the organic semiconductor has been developing for modifi-
cation their chemical structures which are environment friendly
and low toxic [27–30], as well as liquids crystal has developed
for more flexible uses in electronic technologies [31–33]. How-
ever, it is a towering challenge to obtain the high-efficiency semi-
conductor at room temperature using group II–IV metals
because of various applicable moods [34–38]. Among these
defects, the atomic size, wide band gap and price are the most
attentive point to generate new semiconductor materials,
although these have a vast implication to absorb or emit
ultraviolet (UV) light in applications of optoelectronic
devices [39,40]. Among of all atoms, crystals of Gallium or Gal-
lium oxides have been considered promising candidates for

transparent electronics, chemical and gas sensors, optoelectronic
devices [41,42] and UV emitters with wide band gap [43–46].

As there are various structural forms of Gallium oxide crystals,
particularly Gallium-based metal alloys have been used in the
injection of femtolitre sized samples into cells [47], printed free-
standing columns and spheres of EGaIn [48–50], the demand of
Cu-based alloys has been placed to researchers to investigate and
design new materials with desirable thermo-chemical properties
[51–53]. Regarding these prospects with the scope of developing
Gallium oxide alloy with jointly Copper metals having a chemical
formula, GaCuO2, has been designed for this study to evaluate its
electronic structure, structural geometry and optical properties
using computational tools. The crucial fact to pick up the Ga
and Cu atom deems the smaller atomic size which can give the
uncomplicated electronic transition from the valence band to
the conduction band; consequently, it creates many free electrons
but oxygen produces more free electrons than Ga and Cu atom in
GaCuO2 crystal. As a result, the foremost supportive evidence of
their outlook uses has to be noted that GaCuO2 is a naturally n-
type similar material, and considered as rewarding electrons/cur-
rent carrier. So that reason, the GaCuO2 might be used as the
material in light-emitting diodes (LEDs), lasers, solar cells and
nanosensors. On the basis of electron carrier, the main fact is
to improve its current conduction while the lowest barrier is
expected. Consequently, 6% Fe (GaCu0.94Fe0.06O2) was doped
due to its top-most efficiency to reduce the barrier of electron
conduction [19,24,54].

© 2021 Informa UK Limited, trading as Taylor & Francis Group
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There are no enough theoretical and computational
studies about GaCuO2 which makes a scope to examine
and screen this crystal through computational tools using
DFT. The first principle method has been executed to study
GaCuO2 crystal including their structural geometry, elec-
tronic structure, optical properties and thermo-electronic
properties. Then, the doping is an important method for
modulating to apply impurities to make the intrinsic material
with its structural, electrical and optical properties. Keeping
these issues in mind, the effect of Fe doping on several prop-
erties of GaCuO2 has been studied thoroughly for the first
time on this crystal. Finally, GGA with PBE, GGA with
RPBE and LDA with CA-PZ functionals have been used to
make a comparative study to obtain a more accurate magni-
tude and their acceptance.

2. Computational methods

The GGA with PBE has been adapted from the CASTEP code
of Material Studio version 8.0 [55] and is used to calculate
band structure, the total density of state (DOS) and partial
density of state (PDOS), because it is considered the most
reliable and acceptable method for calculating electronic struc-
ture and structural features [56]. In this case, the density of
state and band structure have been calculated using the cut-
off at 510 eV and k point at 2×2×1 with norm-conserving pseu-
dopotentials. Then similarly, the optical properties have been
simulated to calculate the reflectivity, absorption, refractive
index, dielectric function, conductivity and loss function. Fur-
thermore, the geometric optimisation is achieved before the
energy calculation, and the convergence criterion for the
force between atoms is at 3×10−6 eV/̊A. The maximum displa-
cement is at 1×10−3̊A, and the total energy and the maximal
stress are at 1×10−5 eV/atom and 5 × 10−2 GPa, respectively.

The Fe atom has been doped in replacing Cu atoms into
the GaCuO2 by 0.06 portions or 6 percentages to obtain
the new Fe atom doped metalloid into the parent crystal
structure. The crystal structure is in a symmetry pattern
that is why the minimum portion of doping by 6% is opti-
mised. Secondly, for comparative research of band gap for
GaCuO2 and GaCu0.94Fe0.06O2, the other two common
methods, such as Generalised Gradient Approximation
(GGA) with Revised Perdew–Burke–Ernzerhof functional
(RPBE), Local Density Approximation (LDA) with Ceperley
and Alder, and Perdew and Zunger with (CA-PZ) func-
tionals also have been investigated using required cut-off
energy at the same condition.

3. Results and discussion

3.1. Optimised structure

The lattice parameters are a = 3.013 Å, b = 3.013 Å, c = 11.548 Å
and angels between them are α = 90.000 Å, β = 90.000 Å, γ =
120.000 Å. The monoclinic GaCuO2 crystal and the area cluster
which is Hermanna Mauguin P63/mmc [194], hexagonal crys-
tals system, point cluster 6/mmm, hall -P 6c 2c, density 6.04
g/cm3 are shown in Figure 1(a) and also the Fe-doped optimised
structure is reported in Figure 1(b).

3.2. Electronic structure

The Fermi energy level has been set at zero point for deter-
mining the electronic band structures of GaCuO2 and
GaCu0.94Fe0.06O2 by GGA with PBE, GGA with RPBE and
LDA with CA-PZ. It is found from Figure 2(a) that the mini-
mum of conduction bands (MCB) is obtained middle points
between M and L symmetry points whereas the maximum of
valance bands (MVB) is located in the G symmetry point. The
symmetry point is seen at different MCB and MVB points,
therefore, and the obtained band gap is termed as the indirect
band gap, as well as the calculated values are in 0.756 and 0.00
eV for GaCuO2 and GaCu0.96Fe0.04O2, respectively, using
GGA with PBE method. Due to the strong contribution of
the d-orbital of the Fe atom within the photon energy
range from 0 to 1 eV, the band gap is turned at 0.00 eV.
Therefore, after Fe doping into the sample material, it
acquires more electron density predicted from DOS and
PDOS which leads to a good conducting property, as well
as other optical properties are also enhanced. From the dem-
onstration of Figure 2(a), it can be summarised that lower
parts of the conduction band are well dispersive which varies
from symmetry points P to F whereas it follows the almost
steady pattern between the symmetry points G and P. On
the other hand, the upper levels of the valance band near
the G symmetry point are dispersive, but the lower parts
are not such dispersive as the upper parts of GaCuO2.
Usually, a lower carrier of effective mass shows higher carrier
mobility which leads to estimate the potential materials for
high-mobility electronic devices [57].

When the Fe metal is doped into GaCuO2 by 6%, a different
band structure has been found which is completely different
from GaCuO2. To kick off, the MCB is obtained in the G sym-
metry point, whereas the MVB is also linked in the G sym-
metry point. At the G symmetry point from Figure 2(b), the
direct band gap is found at 0.00 eV using GGA with PBE.

Due to the addition of Fe atom as a doping element, there is
a large change in the upper levels of the conduction bands
which are well dispersed at the G symmetry point and the
upper band is also decreased as a whole except at Y and D
points while in the case of valance band, there are a lot of
changes occurred as a whole compared to undoped.

Secondly, another method called GGA with RPBE has been
demonstrated to calculate the band gaps by maintaining the
same conditions and the corresponding pictorial views are
listed in Figure 2(c,d). Figure 2(c,d) indicates that the band
gaps are indirect and direct, and the magnitudes are at 0.786
and 0.00 eV for GaCuO2 and GaCu0.94Fe0.06O2, respectively.
Finally, the method of LDA with CA-PZ has been applied
for the investigation of band gaps for GaCuO2 and GaCu0.96-
Fe0.04O2, and the outputs are presented in Figure 2(e,f),
which can be articulated that the indirect and direct band
gaps are in 0.759 and 0.00 eV for GaCuO2 and GaCu0.94Fe0.06-
O2, respectively. Analysing all the above figures, it can be con-
cluded that all band gaps are deemed as indirect and direct
band gaps for GaCuO2 and GaCu0.96Fe0.04O2, respectively,
and the values are almost closer for three methods. The com-
parative values using the optimised condition are listed in
Table 1.
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3.3. Density of states and partial density of state

The knowledge of the nature of electronic band structures and
the scattering of orbitals are obtained by studying the DOS and
PDOS. The method of GGA with PBE has been applied to find
out the DOS and PDOS of Ga, Cu, Fe and O elements for
GaCuO2 and GaCu0.94Fe0.06O2 crystals.

The comparative study of DOS between GaCuO2 and
GaCu0.94Fe0.06O2 crystals is shown in Figure 3(a) which illus-
trates that GaCu0.94Fe0.06O2 confirms the highest electron den-
sity in valance band than GaCuO2. The illustration of the
PDOS for GaCuO2 is shown in Figure 3(b), and the nature
of 4s2 and 4p1 for Ga; 3p6, 3d10 and 4s1 for Cu; 2s2 and 2p4

for O elements have been studied to explain the transition of
electrons due to hybridisation by travelling from the maxi-
mum valence band (MCB) to the minimum conduction
band (MCB) from the simulation of DOS. The higher domina-
tion among other orbitals comes from the p-orbital in the con-
duction band, and the d-orbital has the higher contribution for
creating the valance band. In the case of Ga, the 4p1 orbital is
almost vacant; therefore, it tends to move towards the conduc-
tion band while p-orbital is also partially filled up with 2p4 for
O-atom and 3d10 and 4s1 orbitals for Cu-atom. As a result, the
highest peak for PDOS of the conduction band is obtained
from the combined contribution of p-orbital at about 2.5 eV
and s-orbital at 5 eV. Moreover, the PDOS of p-orbital in con-
duction band follows the same pattern for DOS. So, it can be
said that the conduction band consists of 4p1 of Ga; 3d10

and 4s1 of Cu; and 2p4 of O-atom whereas the valence band
is made up of a mixer of p-orbital and d-orbital. The maximum
intensity or density of electrons of the valence band is about
8.0 electrons/eV while d-orbital is responsible for almost 7.0
electrons/eV. The density of electrons in the conduction
band is higher for the s-orbital and p-orbital.

Figure 3(c) demonstrates the PDOS of GaCu0.94Fe0.06O2,
and it consists of 4s2 and 4p1 for Ga; 3p6, 3d10 and 4s1 for
Cu; 3d6 and 4s2 for Fe and 2s2 and 2p4 for O elements. The
d-orbital of the Fe atom provides a strong contribution to
the conduction band from 0 to 1 eV, whereas the p and s orbi-
tals also provide some contribution to the conduction band at

energies 2.5 and 4 eV, respectively. On the other hand, d and p
orbitals have the higher portion for the valance band at ener-
gies about 2.5 and 4 eV, respectively. The d-orbital in the con-
duction band has the most contribution for GaCu0.94Fe0.06O2

and the doping of Fe reduces the band gap at 0.0 eV. The com-
parative study of s, p and d orbitals for GaCuO2 and GaCu0.94-
Fe0.06O2 has been depicted in Figure 3(d–h). The contribution
of both s and p orbitals in GaCuO2 and GaCu0.94Fe0.06O2 is
almost the same, but it is different for the d-orbital. From
the study, it can be said that the d-orbital is the higher contri-
butor of conduction band within the region of 0.0 to 1.0 eV for
only GaCu0.94Fe0.06O2, whereas both p and s orbitals have the
contribution for GaCuO2 and GaCu0.94Fe0.06O2 after 1.0 eV.

3.4. Optical properties

For studying energy band structure, excitations, impurity
levels, localised defects and lattice vibrations, the optical prop-
erties of solids offer an important tool. The absorption, refrac-
tive index, dielectric function ε(ω), optical conductivity and
loss function have been analysed in order to investigate the
optical properties of undoped and Fe-doped GaCuO2 crystals.
In such investigations, reflectivity, absorption, refractive index,
dielectric function ε(ω), optical conductivity and loss function
have been illustrated. It is the frequency-dependent complex
dielectric function ε(ω) or the complex conductivity, which
is directly related to the energy band structure of solids.
After doping, the photocatalytic behaviours of GaCu0.94Fe0.06-
O2 have been analysed as below.

3.4.1. Optical reflectivity
The formation of periodically spaced vacancy layers within the
meta-stable phase of Ga-Cu-O2-based phase-change materials
has recently gained a lot of attention since associated electron
delocalisation effects induce an insulator–metal transition. For
studying primarily, the potential of the vacancy ordering
phenomena, it is extremely important to produce the highly
ordered meta-stable phase separately from the closely related
thermodynamically stable phase.

Figure 1. (Colour online). (a) Structure for GaCuO2, (b) structure for GaCu0.96Fe0.04O2.
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Figure 2. (Colour online). Electronic structure for (a) GaCuO2, (b) GaCu0.96Fe0.04O2, (c) GaCuO2, (d) GaCu0.96Fe0.04O2, (e) GaCuO2 and (f) GaCu0.96Fe0.04O2.
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To explain the role of electronic transition from the valance
band to the conduction band and the absorbance of that
material, reflectivity is a key tool that is analysed for incident
rays on the surface of the semiconductor. It has been reported
in several previous studies that the lower reflectivity conveys
the higher UV or visible light absorption [58–60]. In Figure
4, it is seen that the reflectivity of GaCuO2 and GaCu0.94Fe0.06-
O2 starts at around 0.15 and 0.18, respectively, from the initial
frequency. Afterwards, the reflectivity of GaCuO2 shows lower
value before 2.0 eV and the opposite phenomenon is observed
after the 2.0 eV. In addition, for GaCuO2, reflectivity increases
to about 0.24 and then starts to fall for the corresponding fre-
quency at about 4 eV as illustrated in Figure 4. In the case of
GaCu0.94Fe0.06O2, the reflectivity also changes at the same

point but a little bit higher than GaCuO2. From Figures 4
and 5, it is observed that the value of reflectivity is highly
lower compared to the absorption.

3.4.2. Absorption
To calculate the optical absorbance of GaCuO2 and GaCu0.94-
Fe0.06O2 materials, the polycrystalline polarisation method has
been utilised, and a tiny smearing value of 0.1 has been applied
to achieve more distinct absorbance peaks.

From Figure 5, it is seen that the absorbance peaks are
produced at different photon energies where electronic tran-
sitions from MVB to MCB are occurred due to the incident
light (visible). Regarding that case, it expresses that the crystal
GaCuO2 can be absorbed photons energy of visible range and
above the visible range whereas Fe-doped crystal (GaCu0.94-
Fe0.06O2) shows on more peaks than undoped, indicating
higher absorption. Since absorption is directly related to elec-
tromagnetic radiation, it is subject to photon energy. How-
ever, Figure 5 demonstrates the comparative study of the
absorption for GaCuO2 and GaCu0.94Fe0.06O2. From the

Table 1. Comparative band gaps for GaCuO2 and GaCu0.94Fe0.06O2.

Compounds name Analysis methods

GGA with PBE GGA with RPBE LDA with CA-PZ
GaCuO2 0.756 eV 0.786 eV 0.759 eV
GaCu0.94Fe0.06O2 0.00 eV 0.00 eV 0.00 eV

Figure 3. (Colour online). (a) Comparison of total DOS for doped and undoped, (b) PDOS for undoped, (c) PDOS for doped, (d) PDOS of GaCuO2 for Ga atom, (e) PDOS of
GaCuO2 for Cu atom, (f) PDOS of GaCu0.94Fe0.06O2 for Ga atom, (g) PDOS of GaCu0.94Fe0.06O2 for Cu atom and (h) PDOS of GaCu0.94Fe0.06O2 for Fe atom.

MOLECULAR SIMULATION 5



photon energy level 0.9 to 3 eV, the absorption increases
slowly and afterwards, the absorption increases sharply for
both cases. Although both the curves of GaCuO2 and
GaCu0.94Fe0.06O2 follow almost the same trend, the absorp-
tion level of the doped material is higher from about 1.0 to
3.0 eV and it increases gradually after 4.0 eV. As the doped

material gains lower band gap and higher absorption, as
well as a wide range of photon energy absorption capabilities
just after the initial point, therefore, this material might be
used as the materials in the making of the various optical
communication devices [61,62]. Thus, after doping, it might
make as an additional transom, skylight and windowplane

Figure 3 Continued
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for semiconductor materials for uses of optoelectronic
devices.

3.4.3. Refractive index
Refractive index, expressing the speed of light in a vacuum to
other medium, indicates that a greater refractive index figures
out a greater denser medium or lower absorption. Figure 6 dis-
plays the refractive index as a function of photon energy. It
consists of the real part and the imaginary part and can be
defined as the ratio of light speed in free space to the other
medium. The larger value of the real part is desirable for appli-
cation in optoelectronic devices and the phenomenon is
inversed for the imaginary part.

At the initial point of photon energy, the refractive index is
higher for real parts, while the imaginary part is almost close to
zero for both GaCuO2 and GaCu0.94Fe0.06O2. The real parts of
the refractive index follow approximately stable trend with
increasing photon energies up to 3.5 eV, afterwards they
decrease slowly with increasing photon energies. Here, it is

observed that the real part of GaCu0.94Fe0.06O2 is higher than
GaCuO2 up to 2.0 eV, indicating the better usable materials
in the expected area, although the band gap has been found
at about 0.8 eV.

3.4.4. Dielectric function
The dielectric function is the most indispensable tool for
exploring their optical properties which are correlated with
adsorption properties for solid as shown in the following
equation:

(v) = 11(v)+ i12(v)

Here, ε1(ω) and ε2(ω) are represented the dielectric con-
stant (real part) and the dielectric loss factor (imaginary
part), respectively. The dielectric function is related to the
space of materials that is physically compatible with the absol-
ute permittivity or permittivity. The energy storage capability
in the electric field is represented by the real part of the dielec-
tric function, whereas the energy dissipation capability of the
dielectric materials is represented by the imaginary part.
From Figure 7, it is clear that, for both crystals, the real parts
of the dielectric function illustrate the larger magnitude, mean-
ing that it can be highly used as an electrostatic cell as energy
storage materials. Moreover, GaCu0.94Fe0.06O2 can be a more
effective material than GaCuO2 as electrostatic cell material.

3.4.5. Conductivity
Conduction through semiconductors based on energy bands
and orbital electrons is related to the distinct space of electrons
in orbit. Conduction in semiconductors happens due to the
presence of holes and free electrons in the crystal molecules.
Figure 8 demonstrates that the conductivity of doped material
GaCu0.94Fe0.06O2 is slightly higher than that of the undoped
GaCuO2. The real parts increase slowly up to 3.0 eV and
after then they increase sharply whereas the imaginary parts
decrease following opposite direction with little variation at
the end portion. It is also observed that the upper peak of
the conductivity reaches about 3.0 1/fs at 5.0 eV for

Figure 4. (Colour online) Reflectivity.

Figure 5. (Colour online) Absorption.

Figure 6. (Colour online) Refractive index.
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GaCu0.94Fe0.06O2. Finally, Figure 8 presents that the conduc-
tivity increases after 6% Fe doping.

3.4.6. Loss function
The high energy regions and low energy regions are obtained
from the curve of energy. The first region accounts for the high
loss energy with frequency or spectral change after ionising
edge which can be called oxidation state of d-orbital splitting
for atomic metals in complex compounds, having a range
above 3.5 eV. The other is a low energy loss function below
3.0 eV which can provide information about the composition
and electronic structure. From Figure 9, it is represented the
loss function for GaCuO2 and GaCu0.94Fe0.06O2. To kick off,
the loss function of GaCu0.94Fe0.06O2 is higher than GaCuO2

in the low energy region of which the doping indicates the
higher loss of energy for the case of electronic structure and
their composition. On the other edge of the loss function,
there is a little change for both GaCuO2 and GaCu0.94Fe0.06O2

in higher energy part which mentions that there has no differ-
ence d-orbital splitting between GaCuO2 and
GaCu0.94Fe0.06O2.

3.5. Thermoelectric properties

The thermoelectric properties involve the change of heat with
electronic transitions in the physical and chemical processes
[63], change of energy in the biological and chemical process
[64] and interaction among system, surrounding and environ-
ment [65]. Entropy, heat capacity, enthalpy and free energy are
the important parts of thermodynamics, which allow physics
and physical chemistry to participate in any system. Petersen
et al. reported that entropy and enthalpy are closely related
to each other while the entropy informs about the discharge
condition of any substance. Figure 10(a,b) illustrates the
total comparison of thermophysical properties of GaCuO2

and GaCu0.94Fe0.06O2 which are as well explained the both
doped and undoped effect in Figure 10(c–f).

3.5.1. Entropy
Entropy is a significant concept in physics and chemistry and
functional to other disciplines. In addition to cosmology and
economics, in physics, it is a part of thermodynamics, as well
as core part of physical chemistry. It is an extent of the disorder
of a system. It also confers the exclusive property of a thermo-
dynamic system, which founds the value changes depending
on the amount of matter. In equations (1) and (2), entropy
is typically denoted by the letter S and has units of joules per
Kelvin (J K−1) or kg m2 S−2 K−1. A highly ordered system
has low entropy. Figure 10(c) demonstrates that the Entropy
of GaCu0.94Fe0.06O2 is higher than GaCuO2 at 500 K, and
the most upper entropy peak is at 90 and 178 cm−1 for
GaCuO2 and GaCu0.94Fe0.06O2, respectively. It has illustrated
that the increase of temperature shows the increase of the
entropy for both crystals. But, the value of entropy of GaCu0.94-
Fe0.06O2 is higher than GaCuO2 from low temperature to apex
temperature. Consequently, it could be articulated that the
material of GaCuO2 shows less disordered behaviour or

Figure 7. (Colour online) Dielectric function.

Figure 8. (Colour online) Conductivity.

Figure 9. (Colour online) Loss function.
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molecular disturbances than GaCu0.94Fe0.06O2. Besides, the
conduction properties for GaCuO2 and GaCu0.94Fe0.06O2 are
not as high as the other materials.

3.5.2. Heat capacity
Heat capacity is the magnitude of heat energy mandatory to
raise the temperature of the body a particular amount. The

Figure 10. (Colour online) Thermodynamic properties of (a) GaCuO2 and (b) GaCu0.94Fe0.06O2; comparison of (c) total entropy, (d) total heat capacity, (e) total enthalpy
and (f) total free energy.

Table 2. Thermophysical properties of GaCuO2 at different temperatures.

Compound
name

Temperature
(K)

Entropy
(cal/
mol K)

Heat
capacity
(cal/
mol K)

Enthalpy
(K cal/
mol)

Free
Energy
(K cal/
mol)

GaCuO2 100 22.31 25.28 16.17 13.94
273 60.52 50.30 23.37 6.65
298 65.06 52.30 24.41 5.02
323 68.88 54.02 25.23 3.86
348 73.52 54.95 27.08 2.01
373 77.24 55.88 28.01 0.15
398 80.95 56.81 29.87 −1.70
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heat capacity of a material is affected by the existing force
which makes high-ceilinged the complexity to the kinetic
energy of a material. The heat properties of an alloy can vary
dramatically from that of its component elements. As can be
seen in Figure 10(d), the comparative study presents the
total heat capacity of GaCuO2 and GaCu0.94Fe0.06O2. The
heat capacity changes at a same rate, but in the case of
GaCu0.94Fe0.06O2, it is higher than GaCuO2. After doping,
6% Fe doping (GaCu0.94Fe0.06O2) demonstrates the increase
of threefold than it origin which makes its rewarding material
in optoelectronic devices.

3.5.3. Enthalpy
Enthalpy is a thermodynamic property which belongs to do
the capacity to do non-mechanical work and the competence
to discharge heat. The following equations are used to calculate
the enthalpy.

H = E + PV (1)

dH = TdS + PdV (2)

Here, H is enthalpy, E is the internal energy of the system, P
is pressure and V is volume.

From Figure 10(e), it is found that with increasing the
temperature from 25 to 500K, the enthalpy change is obtained
from 15 to 35 kcal/mol, respectively, for the GaCuO2. Alterna-
tively, the enthalpy change for GaCu0.94Fe0.06O2 is higher than
GaCuO2 which is threefold than GaCuO2 maintaining the uni-
form change with respect to temperature.

3.5.4. Free energy
Free energy refers to the amount of internal energy of a ther-
modynamic system that is available to perform work. In our
investigation, it is observed that the free energy of GaCuO2

and GaCu0.94Fe0.06O2 inaugurates from around 15 and 32
cm−1, respectively, at 25 K. Figure 10(f) explains that the
free energy of GaCu0.94Fe0.06O2 is higher than GaCuO2 and
the free energy has overlapped with the absorption level of
−10 at the temperature of 425 K. After 425 K, this phenom-
enon has reversed.

Finally, the thermodynamic properties have been listed in
Figure 10(a,b). Figure 10(c–f) indicates that the main parts
of thermodynamic properties such as entropy, heat capacity,
enthalpy and free energy for GaCuO2 and GaCu0.94Fe0.06O2.
Eventually, from Figure 10(a–f), it is proved that the thermo-
dynamic properties have changed after Fe doping. It could be
concluded that the thermophysical properties of GaCuO2 and
GaCu0.94Fe0.06O2 at different temperatures have been com-
pared in Tables 2 and 3.

4. Conclusion

Although crystal or oxide of gallium was established as the
wide band gap material for use in optoelectronic devices, it
was found that GaCuO2 was evaluated as narrow band gap
material through the computational tools of the first principle
method on the basis of DFT functionals. Firstly, the obtained
band gap was at 0.756 eV by GGA with the PBE method. Sec-
ondly, the functionals of GGA with RPBE and LDA with CA-
PZ were executed for comparative study and the values were
0.786 and 0.759 eV, respectively. Therefore, it could be
revealed that the functionals of GGA with PBE, GGA with
RPBE, and LDA with CA-PZ convey closer values of band
gap and band structure containing Ga or Cu metals in crystals.
Due to 6% Fe doping, the electronic band gap is decreased
which is supported by the change of DOS and PDOS data
whereas the total sum of DOS is increased by five times over
the energy region. Thus, the d-orbital of Fe must articulate
the best contributor for obtaining narrow band gap engineer-
ing. Moreover, the calculated band gap for GaCu0.92Fe0.08O2 is
turned into 0.00 eV using three DFT functionals. In the case of
optical properties, the GaCu0.92Fe0.08O2 is a superior material
for the use of optoelectronic devices than GaCuO2 regarding
the pieces of evidence of absorption, reflectivity, loss function
and conductivity. But slightly inverse results are found from
entropy and free energy for GaCu0.92Fe0.08O2 and GaCuO2,
because they illustrate a chemically and thermally less stable
crystal in high temperature. After all, both GaCu0.92Fe0.08O2

and GaCuO2 demonstrate the perfect crystals at temperature
25 K.
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Table 3. Thermophysical properties of GaCu0.94Fe0.06O2 at different temperatures.

Compound name Temperature (K) Entropy (cal/mol K) Heat capacity (cal/mol K) Enthalpy (K cal/mol) Free energy (K cal/mol)

GaCu0.94Fe0.06O2 100 37.29 48.71 34.71 30.98
273 113.86 103.83 48.66 18.57
298 123.36 108.01 51.41 14.62
323 132.26 112.19 53.68 11.88
348 140.61 113.86 57.02 8.54
373 148.97 115.54 60.37 5.20
398 155.66 117.21 62.04 1.85
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