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Abstract

In this paper, we investigate the structural and electronic properties of manganese doped delafossite CuGaO2 nanocomposite using
first principle study based on density functional theory (DFT). The generalised gradient approximation (GGA) as parameterized
by Perdew-Burke-Ernzerhof (PBE) has been used for both the undoped and doped systems. The crystal structure of the material
does not change after manganese doping. Our calculation shows that the doped structure is stable. However, the results reveal that
the 50% Mn doping decreases the band gap of the delafossite CuGaO2 system by 0.5 eV. The charge density distributions for the
undoped CuGaO2 and CuGa1−xMnxO2(X=0.5) are almost the same.
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1. Introduction

The fundamental aspects and applications of Transparent conducting oxide (TCO) have become an important
field of research in material sciences and solid state physics. Because,these materials have variety of applications
that include, but are not limited to: dye solar cells,flat panel displays (FPDs), low-emissivity (low-e) windows [1,
2]. But, little works have been done especially in the fabrication of junction devices. This is because most of the
reported TCOs are n-type semiconductors, the p-type counterpart that are necessary in fabricating the active devices
were missed for a long time. It was in 1997, when Kawazoe and co-researchers reported the p-type conductivity in
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a transparent thin film of CuAlO2 [3]. This has resulted in many research interests on the copper-based delafossite
group which have a general formula CuMO2 (M = Al, Ga, In). The family exhibits an intrinsic p-type conductivity
and wide band gap.

Delafossite CuGaO2 is one of the most important copper-based delafossite materials. But one major challenge
facing this material that need to be solved before it can be used for more diverse applications is the low concentration
of the charge carriers. Substitutional doping has been reported to be the best way of solving the problem [1]. In view
of this, a lot of works were reported using different dopants and methods. Tate and his co-researchers reported a heavy
doping of CuGaO2 by Fe3+ in Ga sites [6]. Both the polycrystalline powder and thin film of CuGa1−xFexO2(0≤x≤ 1)
have shown p-type conductivity and the Fe doping has increased the conductivity of the film. Moreover, a substitu-
tional doping of Cr atom in the Ga site of delafossite CuGaO2 was reported using sol gel method [7]. It was found
that the Cr-substituting induced the increase of the films roughness, changed the films internal structure and made
more crystal defects and grain boundaries. The effect of Mg doping was reported [8], their results showed that after
Mg doping, the optical band gap is red-shifted 0.15 eV and the conductivity was increased one order of magnitude,
indicating the real p-type doping of the material. However, Al-doped CuGaO2 has been synthesized by hydrothermal
method and its properties have been investigated as cathode elements in ruthenium dye N719-sensitized solar cells [9].
Recently, T. Y. Chien and C. L. Ching investigated the effects of the two dopants (Mg and Zn) on the structural features
and electrical properties of the CuGaO2-based thin films using sol-gel spin coating method [10]. The Zn-doped thin
films had the highest mean carrier concentration of 3.49 × 1016cm−3.

Most of the works reported in relation to the doping of this material are experimental based; the theoretical studies
are very scarce. But many theoretical works were reported all trying to explain some important properties of the
delafossite CuGaO2 [11, 12, 13, 14]. Therefore, the main aim of this work is to carry out a theoretical investigation
on the structural and electronic properties of the manganese doped CuGaO2 using first principle study within the
framework of Density Functional Theory (DFT).

2. Computational Methods

We performed the calculations on the 2×2 supercell relative to the primitive cell of delafossite CuGaO2 using first
principle calculation based on density functional theory (DFT), as implemented in the QUANTUM ESPRESSO code
[15]. The generalized gradient approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof [16] scheme has
been employed in approximating the exchange-correlation potential for the undoped and Manganese doped CuGaO2
materials. The plane wave basis sets with the maximum kinetic energy cut-off of 340 eV has been used in expand-
ing the wave functions. The electron-ion core interaction is treated by ultrasoft pseudo potentials for Cu(3d104s1),
Ga(3d104s24p1), O(2s22p4) and Mn(3s23p63d54s2) valence orbitals as all in the pseudo potential files. For integrals,
smearing has been adopted and specifically Maxfessel-Paxton smearing method with small Gaussian spreading of
0.02Ry has been used. The brillouin zone integration is performed using Monkhorst-Pack scheme [17] with 10×10×1
k-points grids.

The 2 × 2 supercell used contains four Gallium (Ga) atoms, in such a way that, during the substitutional doping,
two Ga atoms were replaced by two different atoms of manganese (Mn) and this corresponds to 50% Mn doping in
the Ga-atomic sites of the delafossite CuGaO2. The supercell dimensions are kept fixed throughout the calculations,
while the atomic positions are fully relaxed for all calculations using Broyden-Fletcher-Golfarb-Shannon (BFGS)
algorithm, until the forces acting on the atoms are below 0.001 eV/Å. The calculated charge density and electronic
densities of states are found using denser k-point mesh.

3. Results and Discussions

3.1. Structural Propersties

The primitive unit cell of the delafossite CuGaO2 has a rhombohedral crystal structure as shown in Figure 1 with
space group of R3̄ m. The simple primitive cell contains only one gallium atom, this means that substitutional doping
cannot be performed on it, since the doping is going to be in the gallium atomic site. That is why; a 2 × 2 supercell
relative to the primitive unit cell was constructed as shown in Figure 1(a). The supercell consists of four gallium atoms.
The optimized crystal parameters of the supercell are a = 12.06Å, b = 12.06Å, c = 6.030Å, and α = β = γ = 28.937o.
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However, after the manganese doping, there was no structural transition, this is because the arrangement of the
atoms in the crystal lattice of the undoped material is not altered as a result of the substitutional doping performed,
therefore the structure was still delafossite and as such the crystal parameters remained the same as that for the
undoped system.To find the stability of the doped structure, the dopant formation energy of the manganese atom is
estimated using equation (1.0) [18]. The dopant formation energy here simply refers to the energy required to insert
one manganese atom with a chemical potential µMn into the supercell after removing one gallium atom from the same
position [19].

E f = Edoped − Eundoped + µGa − µMn, (1)

where, Edoped is the DFT total energy of the CuGa1−xMnxO2 material, Eundoped is the DFT total energy of the undoped
CuGaO2 system, µGa is the chemical potential per atom of gallium bulk crystal, µMn is the chemical potential per
atom of manganese bulk crystal. The chemical potentials are calculated as the DFT total energy per atom in the bulk
systems [18, 20]. The dopant formation energy of manganese is calculated to be 57.22Ry. Moreover, the formation
energy serves as the measure of the stability of the doped structure; the lower value of the formation energy signifies
the most stable structures [19]. From this value of dopant formation energy, it can be stated that the manganese doped
CuGaO2 is stable.

Figure 1. (a) The 2 × 2 supercell relative to primitive cell DFT-GGA optimized crystal structure of delafossite CuGaO2. (b) The
2 × 2 supercell relative to primitive cell DFT-GGA optimized crystal structure of CuGa1−xMnxO2(X=0.5)
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Figure 2. (a) The spin-polarized density of states for the undoped delafossite CuGaO2 (b) The projected density of states for the
undoped CuGaO2

Figure 3. (a) The spin-polarized density of states for the CuGa1−xMnxO2(X=0.5) (b) The projected density of states for the
CuGa1−xMnxO2(X=0.5)

3.2. Electronic Properties

The electronic properties of delafossite CuGaO2 and CuGa1−xMnxO2(x=0.5) are explained based on the density
of states, projected density of states and charge density distribution. From Figure 2(a), the DOS plot clearly explained
the number of states per each energy level available for occupation of the undoped delafossite CuGaO2. It also
indicates that there is a sharp peak at the -12.85 eV in the valence band which translates to very high states available
for occupations at this particular energy.

From left of this sharp peak, are some small peaks with almost same states. Moving right to this sharp peak
again, are some few peaks whose onsets disappear between -11.10 eV and -5.10 eV. The total DOS is zero between
these intervals, meaning that there are no available states for occupation. This is regarded as the forbidden gap. The
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Figure 4. (a) The charge density plots for the undoped delafossite CuGaO2 showing oxygen, copper and gallium atoms in red, green
and purple colours respectively. The scale n(r) signifying ranges of isodensity values in atomic unit (a.u) (b) The charge density
plots for the CuGa1−xMnxO2(X=0.5) showing oxygen (red), copper (green), gallium (purple) and manganese (light blue) atoms

calculated value for this gap is 6 eV. The onset of some peaks appears close to the top of the valence band. The
allowable conduction band states start at around 0.0 eV.

However, from Figure 2(b), it can be deduced that the sharp peak in the valence band seen in the DOS plot
is a contribution from Ga 3d orbital. The bottom of the valence band is dominated by Ga 3d states with a minor
contribution from O 2p states. At the top of the valence band, Cu 3d states are dominant with some mixing O 2p
states, as it is expected from Cu (I) oxide based compounds [21]. The bottom of the conduction band consists of a
mixture of Cu 3d states and O 2p states which is similar to that of the CuAlO2 and CuBO2 [21, 22]. There is a strong
hybridization between Cu 3d and O 2p states in the conduction band.

From Figure 3(a), it is seen that the DOS plot for Mn doped CuGaO2 contains three sharp peaks (all at the bottom
of the valence band) at various energies values of -80 eV, -44 eV and -12.9 eV, meaning that there are more states
available for occupation at these energies. The one at -12.9 eV is similar to the one seen in the undoped CuGaO2
states. Moving by the right side of the third sharp peak, are short peaks whose onset disappears between -10.5 eV to
-5.0 eV which implies that no available states for occupation at this interval. The calculated value for the band gap is
5.5 eV. Another sharp peak is observed at 1.5 eV in the conduction band.

In Figure 3(b), the projected density of states plot of Mn doped CuGaO2, it can be understood that the additional
sharp peaks seen in the DOS plot (Figure 3(a)), are due to the Mn 3p states. There are minor contributions from O
2p states around the sharp peak (third one). The top of the valence band is dominated by Mn 3d and O 2p states with
minor contributions from Cu 3d states. There is also strong hybridization between Mn 3d and O 2p states and similarly
between Cu 3d and O 2p states at this stage. Whereas, the bottom of the conduction band is mainly dominated by Cu
3d states and O 2p states with minor contribution from Mn 3d states. It can be deduced that, the manganese states
largely contribute to the valence band states.

However, Figure 4(a) shows the mixed p and s orbitals on the Cu ions and the p-like nature of the density on the
oxygen atoms, with the Ga s-orbital just visible. So, Ga-O makes ionic bonding due to the transfer of charge from Ga
to O atoms. It can be seen that, oxygen atom has a weaker charge density; this is deduced from the charge density
colour scale. Again, from the charge density scale, it is clear that, the purple colour corresponds to the maximum
charge accumulating site, as such; gallium atoms have the greater charge density than other atoms. Figure 4(b) is
similar to the Figure 4(a), only that Mn states are also visible on some of the contours.
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4. Conclusion

First principle study was reported within the framework of density functional theory implemented in the QUAN-
TUM ESPRESSO simulation package on the structural and electronic properties of manganese doped delafossite
CuGaO2.

First of all, about the structure of the doped system, it was found that the structure is stable against decomposition
after manganese doping. This is deduced from the value of the calculated dopant formation energy for the manganese
atom.

Also, on the electronic properties of the doped material, it was found that, there is a decrease in the band gap of
the doped system. That is to say, the Mn doping reduces the band gap of the undoped delafossite CuGaO2. Reducing
band gap simply leads to the increase in the conductivity of the material. Even though, the DFT-GGA is not a good
predictorof both fundamental and optical band gaps, but it is possible to make a qualitative statement regarding the
effects of dopant [23, 24]. Therefore, the general trend is that, doping decreases the band gaps and it is expected to
be maintained even when more powerful methods (such as GW) are used. However, the results revealed that, the Mn
doping contributes more to the valence band states. The charge density distributions for the undoped CuGaO2 and
CuGa1−xMnxO2(x=0.5) are almost the same, except for the doped system which includes additional charges from Mn
atom. The gallium atom was found to have the highest charge density when compared with the other elements in the
materials while oxygen has the least charge density.

Conclusively, based on our results, it can be predicted that the Mn doping is feasible and will considerably increase
the conductivity of the delafossite CuGaO2.
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