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A B S T R A C T   

In this study, we have investigated physical ground-state properties of three novel semiconductors to address 
many problems related to the photovoltaic (PV) industry. A computational package (wien2k) based on Density 
Functional Theory (DFT) is used to study the optical, structural, as well as electronic properties of delafossite 
transparent conducting oxides CuMO2 (M= Al, Sc and Y). The Full-Potential Linearized Augmented Plan Wave 
method (FP-LAPW) which is based on DFT has also been employed in this study. To compute the structural and 
electronic parameters the Local Density Approximation (LDA), Perdew, Burke and Ernzerhof Generalized 
Gradient Approximation (PBE-GGA) have been utilized as the exchange-correlation term. Furthermore, Tran- 
Blaha modified Beck–Johnson potential (TB-mBJ) has been utilized to achieve better degree of accuracy in 
computing the electronic and optical characteristics. The results of the study have also been compared to the 
previous theoretical and experimental ones. The ternary delafossite transparent conducting oxide compounds can 
be considered as an alternative material in photovoltaic applications.   

1. Introduction 

Due to the high optical transparency (~80–90%) and electrical 
conductivity (~104 S cm-1), transparent conducting oxides (TCOs) are 
widely used in optoelectronic applications and therefore, have been 
studied extensively [1–6]. The scope of TCOs is increasing due to their 
higher performance in many applications like low-emissive window 
layers, transparent contacts of flexible photovoltaic solar cells including 
large-area displays, touch screens, gas sensors, electromagnetic shield
ing, biosensors, light emitting diodes and other optoelectronic devices 
based on organic/inorganic and biological materials at the 
macro/meso/nano-scale [7–11]. 

The TCOs are primarily studied as binary compounds like; In2O3, 
SnO2, ZnO, CdO etc. [3,7], however some TCOs such as Zn2SnO4, 
ZnSnO3, MgIn2O4, GaInO3, (Ga,In)2O3, Zn2In2O5, In4Sn3O12, LiGaCr4O8, 
LiInCr4O8, GdCrO3, (C6H10N2)2[Co(H2O)4P2Mo5O23], La0.75Sr0.25MnO3, 
LaRO3, Ba1− xSrxFeO3, BaSnO3 [7,12–19] have also been reported. 

Literature suggested that, there are only few reports available 
regarding fabrication of active devices with TCOs [7]. The use of TCOs 
as transparent electrodes has been well-established due to the n-type 
nature of these semiconductors [5]. These types of semiconductors 
exhibit high hole effective mass caused by the localized Oxygen-2p 
(O-2p) orbitals, which is the key contributor of valence band maximum 
(VBM) [3,20]. 

Consequently, many scientific efforts have been reported during the 
last decade of 20th century regarding search for new and efficient p-type 
TCOs [7,20,21]. The major emphasis was on reducing the hole effective 
mass by delocalizing the O-2p orbitals via strong hybridization with 
electronic orbitals of the third atom [3,7]. Hosono et al. [13] proposed 
an idea demonstrating the strong hybridization between metallic d or
bitals and O-2p orbitals resulted as an increment in VBM level that 
would ultimately eases the doping [20]. The discovery of new Cu+-based 
p-type TCOs such as CuAlO2, CuScO2 and CuYO2 revealed that closed 
shell configuration of Cu+ favours the hybridization of Cu-3d energy 
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level with the O-2p level in addition to the wide band gap and optical 
transparency of these materials [20,21]. 

Delafossite materials with chemical formula AIBIIIO2 are among the 
promising p-type TCOs [3,22]. CuAlO2 was one of the very first dela
fossite transparent oxides that demonstrated p-type conductivity and 
high optical transparency [21]. This compound is very important for the 
p-n junction of TCO and can help to fabricate highly efficient thin film 
solar cells [23], because it has a wider band gap (> 3 eV) as compared to 
the binary TCOs with a strong hybridization between A-d and O-2p or
bitals [3]. 

CuAlO2 is one of the most investigated Cu-based delafossites. Ac
cording to Bhamu et al., It crystallizes in either 3R-rhombohedral or 2H- 
hexagonal structure with space group # 166 and 194, respectively [24]. 
This type of compound is dedicated for absorbing the radiations in solar 
cells, photo-electrochemical devices or photovoltaics [24,25]. At the 
same time, this material has been widely studied both theoretically [5, 
23–31] and experimental [7,8,27,32–36] to explore high-performance 
and low-cost TCOs [36]. To the best of the authors’ knowledge, there 
are still no in-depth descriptions of the linear optical properties of 
CuYO2 and CuScO2. Therefore, it is indispensable to investigate sys
tematically the relevant structural, electronic and optical properties of 
p-type delafossite oxides. 

2. Computational details 

The optoelectronic and structural properties of p-type delafossite 
transparent conducting oxides 2H-CuMO2 (M=Al, Sc and Y) (see Fig. 1) 
are investigated using Full Potential Linearized Augmented Plane Wave 
(FP-LAPW) method via Wien2k Tool within the framework of DFT 
[37–39]. 

The FP-LAPW method has emerged as an extensively used very 
robust and accurate state-of-the-art first-principles electronic structure 
technique with reasonable computational efficiency to simulate the 
physical properties of solid-state materials based on DFT [40]. In this 
technique, the unit cell is divided into non-overlapping muffin-tin (MT) 
spheres around the atomic locations and the interstitial area using 
different basis sets for these areas [41]. 

The Local Density Approximation (LDA) [42,43] and the revised 
Perdew-Burke-Ernzerhof Generalized Gradient Approximation (PBE
sol-GGA) [44] have been utilized as the exchange–correlation terms to 
investigate the structural and electronic parameters. Moreover, for 
better degree of accuracy in calculations, Tran-Blaha modified Beck
–Johnson potential (TB-mBJ) [45] was also used. The TB-mBJ method is 
used to calculate the imaginary as well as real parts of the dielectric 
function. The same method is also employed to investigate the reflec
tivity, refractive index, optical conductivity, absorption coefficient and 

the energy loss function to understand the linear optical properties of 
delafossite TCOs i.e., CuAlO2, CuScO2 and CuYO2. This approach/
method proposed by Tran and Blaha leads to a better description of 
semiconductors and insulators compared to the standard approxima
tions. The TB-mBJ potential can be written as: 

υmBJ
x,σ (r) = cυBR

x,σ(r)+ (3c − 2)
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where ρσ is the electron density, τσ is the kinetic-energy and υBR
x,σ is the 

Becke-Roussel potential [46]. Herein, a system-dependent parameter c 
represents the Becke-Johnson potential c= 1 as an original value. 
However, for the bulk materials, this parameter can be calculated as 
proposed by Tran and Blaha [41]: 
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where Vcell represents the volume of unit cell, α (− 0.012) and β (1.023) 
bohr1/2 are fitting parameters as per experimental data [45]. For elec
tronic structures calculations of materials, the TB-mBJ is one of the 
important exchange potentials that can produce significantly improved 
band gaps [41]. 

The TB-mBJ improves the energy gap by modifying the potential 
Vxc, but how physically this happens? I mean between electrons and 
orbitals. 

It is well-documented that adding the Hartree-Fock (HF) exchange to 
the energy functional can alter significantly the energy band gap of 
solids with two extremists: pure HF which overestimates energy band 
gap and a local density approximation LDA (or generalized gradient 
approximation GGA functional) of DFT which underestimates the en
ergy band gap. This is the main reason behind the good performance of 
hybrid XC in computing the energy band gap where a portion of HF 
exchange is used. 

The plane wave expansion was taken as RMT×KMAX = 8, where RMT 
represents the smallest Muffin-Tin radius and KMAX represents the 
highest K-vector of Brillouin Zone (BZ). The Muffin-Tin Radii (RMT) 
were taken as 1.74, 1.69, 1.62, 2.15 and 1.55 a.u. for Cu, Al, Sc, Y and O, 
respectively, for the delafossite transparent conducting oxides. The cut- 
off for the Fourier-expanded charge density was set at Gmax= 14 (a.u.)-1. 
The expansion in spherical harmonic functions inside the non- 
overlapping MT spheres is expanded up to lmax= 10. The cut-off en
ergy is set to be − 6 Ryd for the separating core states from valence 
states. For the irreducible wedge, there are 1000 k-points in the BZ, (60, 
54 and 81 special k-points in the reduced wedge) for the calculations of 

Fig. 1. Crystal structure of CuMO2 (M= Al, Sc and Y) delafossite with hexagonal bases, (a, b) 3D section and c) 2D top section.  
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structural and electronic properties for CuAlO2, CuScO2 and CuYO2 
respectively. In the linear optical calculations section, we utilized a fine 
k-mesh of 2500 k-points for the reason that the prediction of linear 
optical properties necessitates a dense mesh of eigenvalues and the 
corresponding eigenvectors. 

The Cu: 1 s2 2s2 2p6 3s2 3p6 3d10 4s1, Al: 1s2 2s2 2p6 3s2 3p1, Sc: 1s2 

2s2 2p6 3s2 3p6 3d1 4s2, Y: 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d1 5s2, O: 1s2 

2s2 2p4 electrons are explicitly treated as valence electrons. 

3. Results and discussions 

The lattice constants (a, c), bulk modulus (B), band-gap energies 
(Eg), density of states (DOS) and the linear optical properties repre
sented by the refractive index n(ω), dielectric function ε(ω), absorption 
coefficient a(ω), optical conductivity κ(ω), reflectivity R(ω) and the 
electron energy loss L(ω) for the three delafossites-oxides have been 
investigated to access their applications. 

Fig. 2. Calculated total energy as a function of unit cell volume for a) CuAlO2, 
b) CuScO2 and c) CuYO2 within LDA and PBEsol-GGA. 

Fig. 3. Calculated total energy as a function of c/a ratio for a) CuAlO2, b) 
CuScO2 and c) CuYO2 within LDA and PBEsol-GGA. 
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3.1. Structural properties 

The 2H-CuMO2 (M=Al, Sc and Y), p-type delafossite TCOs are 
crystallizes in hexagonal structure (P63/mmc, no. 194) with Cu atom 
located at (1/3, 2/3, 1/4) while Al, Sc and Y are sited at (0, 0, 0) and O at 
(1/3, 2/3, zO) position. 

The experimental lattice constants ‘a’ and ‘c’ are utilized as input 
parameters in the current study to optimize the structural properties. 
The optimization was performed by the following four steps as 
mentioned below:  

• To obtain the value of the internal cell parameter zO, the constituent 
atoms needs to be at energetically favourable positions and for this 
atom are relaxed by reducing/minimizing the initial crystal 
structures.  

• The energy-volume curve needs to be fitted with the Murnaghan’s 
Equation of State (EOS) [47] to obtain various structural parameters 
such as lattice parameter a, and bulk modulus B as well as its first 
pressure derivative B’.  

• To find out c/a ratio, the total energy needs to be fitted via 4th degree 
polynomial equation for each material. 

• And for the final optimization of structural parameters of the dela
fossite oxides 2H-CuMO2, we have to exploit the volume expression, 
where; M= Al, Sc and Y. 

For the three oxides using LDA and PBEsol-GGA approximations, the 
total energy versus unit cell volume and the c/a ratio respectively is 
shown in Figs. 2 and 3 whereas the optimized structural properties are 
given in Table 1. The theoretically computed results are in good 
agreement with the previous results i.e. Experimental [48,49,52,53] as 
well as theoretical ones [25,26,50,51]. The electronic and linear optical 
properties will be investigated by utilizing the optimized volume and c/a 
ratio. 

3.2. Electronic properties 

The potential understanding of the semiconducting gap comes from 
the symmetry and position of atoms, which thus agree the occupation of 
band energy levels around the Fermi level (EF) [54]. 

The viability of the delafossite transparent conducting oxides CuMO2 
(M= Al, Sc and Y) in optoelectronic applications necessitate bit in-depth 
investigation of their electronic properties like energy band structure, 
band-gap values and Total/Partial density of states (TDOS/PDOS). The 
band-gap values of the three delafossite oxides with hexagonal phase 
have been predicted using LDA, PBEsol-GGA and TB-mBJ approaches 
and are listed in Table 2. The results obtained for TB-mBJ are given here, 
similar patterns were observed for other approximations. The band 
structures in energy range from − 10–21 eV were evaluated via TB- mBJ 
approximation along the high symmetry directions; Г → M → K → Г → A 
→ L → H → A in the BZ. The bottom of conduction band and top of the 
valence band are at different k-value demonstrating the indirect band- 
gap nature of the delafossite crystals when the EF is set at 0 eV. For all 
three considered delafossite oxides 2H-CuMO2 (Al, Sc and Y), predicted 
band structures and their corresponding projected density of states 
(TDOS) for each in equivalent atom are displayed in Fig. 4(a, b and c) 

Table 1 
Calculated lattice constants (a and c), internal parameter (zO), bulk modulus (B) 
and its first pressure derivative (B’) according to LDA and PBEsol-GGA ap
proximations for the p-type delafossite transparent conducting oxides 2H- 
CuMO2 (M=Al, Sc and Y), compared with other experimental and theoretical 
previous works.   

a = b 
(Å) 

c/a c (Å) zO (Å) B (GPa) B’ 

2H-CuAlO2 

Our results 
(LDA) 

2.832 3.92 11.10 0.0855 209.401 4.385 

Our results ( 
PBEsol-GGA) 

2.854 3.95 11.274 0.0855 192.194 4.294 

Experimental 
results 

2.863  
[48] 
2.858  
[52] 

3.951  
[48] 
3.951  
[52] 

11.314  
[48] 
11.293  
[52] 

0.0851  
[48] 
0.0859  
[52] 

– – 

Other 
theoretical 
calculations 

2.856  
[25] 
2.797  
[26] 
2.849  
[50] 
2.798  
[51] 
2.819  
[51] 

4.014  
[25] 
3.977  
[26] 
3.985  
[50] 
3.98  
[51] 
3.998  
[51] 

11.466  
[25] 
11.125  
[26] 
11.355  
[50] 
11.135  
[51] 
11.272  
[51] 

0.0835  
[25] 
- 
- 
0.0855  
[51] 
0.0843  
[51] 

211  
[25] 
- 
- 
- 
- 

– 

2H-CuScO2 

Our results 
(LDA) 

3.181 3.491 11.107 0.0897 172.46 4.592 

Our results 
(PBEsol- 
GGA) 

3.207 3.517 11.281 0.0894 156.313 4.42 

Experimental 
results 

3.223  
[48] 

3.541  
[48] 

11.413  
[48] 

0.0893  
[48] 

– – 

Other 
theoretical 
calculations 

3.308  
[50] 
3.172  
[51] 
3.236  
[51] 

3.437  
[50] 
3.528  
[51] 
3.512  
[51] 

11.372  
[50] 
11.192  
[51] 
11.367  
[51] 

- 
0.090  
[51] 
0.0894  
[51] 

– – 

2H-CuYO2 

Our results 
(LDA) 

3.488 3.188 11.122 0.0908 145.067 4.63 

Our results ( 
PBEsol-GGA) 

3.514 3.208 11.277 0.0904 132.446 4.45 

Experimental 
results 

3.531  
[25] 
3.522  
[49] 
3.52  
[53] 

3.233  
[25] 
3.242  
[49] 
3.242  
[53] 

11.418  
[25] 
11.42  
[49] 
11.418  
[43] 

0.0893  
[25] 
- 
0.0893  
[53] 

– – 

Other 
theoretical 
calculations 

3.54  
[25] 
3.628  
[50] 
3.476  
[51] 

3.282  
[25] 
3.142  
[50] 
3.221  
[51] 

11.62  
[25] 
11.402  
[50] 
11.197  
[51] 

0.0894  
[25] 
- 
0.091  
[51] 

126  
[25] 
- 
- 

–  

Table 2 
Calculated indirect band-gaps (Eg) according to LDA, GGA-PBEsol and the mBJ approximations for the p-type delafossite transparent conducting oxides 2H-CuMO2 
(M=Al, Sc and Y), compared with other experimental and theoretical previous works.  

Materials Indirect energy band-gaps values [eV]  

LDA PBEsol-GGA mBJ Exp. Others (theoretical) 

2H-CuAlO2  2.227  1.962  2.279 1.8 [57] 2.23 [24], 2.2 [24,26], 1.82 [55], 1.9 [56], 2.194 [31], 1.878 [31], 1.905 [31] 
2H-CuScO2  2.391  2.37  2.388 3.7 [5]a 2.25 [50], 2.27 [50] 
2H-CuYO2  2.664  2.694  2.838 3.5 [5]a 2.62 [50], 2.67 [50]  

a These values are obtained in 3R-rhombohedral structure with space group R-3 m (No. 166) 
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demonstrating the indirect band-gap nature of all compounds. 
The obtained results of calculated indirect band-gaps are listed in 

Table 1, these calculations are performed according to LDA, PBEsol-GGA 
and the TB-mBJ approximations for the p-type delafossite transparent 
conducting oxides 2H-CuMO2 (M=Al, Sc and Y). The observed values of 

band-gap for each compound are in close agreement with already re
ported theoretical and experimental calculations. 

The evolution of energy band gap calculated by TB-mBJ with the 
solar spectrum AM 1.5 is shown in Fig. 5. The solar irradiance spectrum 
comprises of three areas i.e. visible region, infrared region (IR), and the 
ultraviolet (UV) region. The visible region ranges from 380 to 750 nm 
and IR is for the higher wavelengths and the UV region is for the lower 
wavelengths. The results reveal a variation in the band gap of three 
delafossite oxides. This variation indicates a strong absorption in the 
visible region. This means that the studied materials could be used for 
the visible optoelectronics applications. In addition, we indicate that, 
the gap value of CuYO2 is 0.45 eV higher than that of CuScO2 and 
0.56 eV higher than that of CuAlO2. The coupling between d orbitals of 
group-III and O_2p states can improve the VBMs, so CuScO2 and CuYO2 
have larger VBMs as compared to CuAlO2, which has no d electrons. 
Furthermore, the energy level of Sc_3d is inferior to that of Y_4d, thus the 
VBM of CuScO2 is higher among all three delafossite oxides [29]. In 
context of the atomic configuration, this trend is proportionate with the 
order of VBMs of CuAlO2, CuGaO2, and CuInO2 [58]. 

For better understanding the relationship between the different 
atomic orbital contributions and the electronic band structures [59], the 
calculated TDOS and PDOS are plotted. Fig. 6 presents the projected 
densities of states (DOS) for each atom named in the partial density of 
states (PDOS) along with the Cu_s/p/d, Al_s/p, Sc_s/p/d, Y_s/p/d and 
O_s/p for a) CuAlO2, b) CuScO2 and c) CuYO2 using only the TB-mBJ 
method. The EF in all DOS plots localize at zero eV. The region of en
ergy that is directly above the EF and does not contain any electronic 
states is the band gap. From the Fig. 6, we found remarkable similarities 
and unique behaviour between the 2H-CuAlO2, 2H-CuScO2 and 
2H-CuYO2 materials. It is obvious that, the DOS are divided into three 
major areas i.e., low-energy band (VBlow), a higher-energy band 
(VBhigher) and a conduction band (CB). The VBlow mainly dominated by 
the O_2p orbitals is located in the energy range from − 8.88 to − 3.74 eV 
for 2 H-CuAlO2, from − 7.26 to − 3.27 eV for 2H-CuScO2 and from 
− 6.58 to − 3.01 eV for 2 H-CuYO2. The VBhigher is situated between 
− 3.45, − 2.6 and − 2.23 eV for 2 H-CuAlO2, 2H-CuScO2 and 
2H-CuYO2, respectively due to Cu_3d orbitals. However, the CB is 
observed from 2.21, 2.26 and 2.76–14 eV for 2 H-CuAlO2, 2H-CuScO2 
and 2H-CuYO2, respectively. In addition, the CB of 2H-CuAlO2 is prin
cipally composed of a mixture of Cu_3d and O_2p. For the case of 
2H-CuScO2 and 2H-CuYO2, the observed CB is dominated by Sc_3d and 
Y_3d, respectively. For 2H-CuAlO2, the main contribution in the TDOS 
came from Cu and O atoms. However, the observation of CB in 
2H-CuScO2 shows that the contribution of the Sc atom in TDOS is 
prominent, while in the case of 2H-CuYO2 the main contribution in the 
CB is set by the Y atom. 

3.3. Optical properties 

The linear optical properties of proposed oxides like dielectric 

Fig. 4. Band structure and TDOS for a) CuAlO2, b) CuScO2 and c) CuYO2 within 
mBJ approximation. 

Fig. 5. The spectrum of sun’s solar radiation versus energy band gap variation 
with mBJ of CuMO2 (X––Al, Sc, and Y). 
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function, refractive index, absorption coefficient, reflectivity, optical 
conductivity and the electron energy loss have been calculated via TB- 
mBJ approximation since; the band-gap values are optimized. A dense 
k-mesh with 2500 k-points (156, 144 and 132 special k-points in the 

reduced wedge) for CuAlO2, CuScO2 and CuYO2, respectively was used. 
The linear optical properties were calculated with broadening of 0.1 eV 
[58]. 

The complex dielectric function shows how the optical properties of 

Fig. 6. Partial and total density of states (PDOS and TDOS) for a) CuAlO2, b) CuScO2 and c) CuYO2 within mBJ approximation.  
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semiconducting materials are dependent on the wavelength of incident 
light [60] and can be given by ε(ω) = εreal(ω) + iεimaginary(ω) [61–66]. 
The real dielectric function would help in calculating other linear optical 
parameters like refractive index n(ω), absorption coefficient a(ω), 
reflectivity R(ω), optical conductivity κ(ω) and the electron energy loss L 
(ω). 

The joint density of state and the momentum matrix elements can 
help to access inter-band transitions between the VB and CB which are 
very much important to calculate the εimaginary(ω) [66]. The εimaginary(ω) 
is given by the following relation [61]: 

εimaginary(ω) =
e2ℏ

πm2ω2

∑∫ [⃒
⃒Mc,v(k)

⃒
⃒2δ
[
ωc,v(k) − ω

] ]
d3k (3) 

The above integral is calculated over BZ, where Mc,v(k) represents the 
dipole moment for direct transitions between VB and CB. ωc,v(k) = Eck- 
Evk represents the transition energy and Kramer–Kroning equation 
would help to deduce the real part εreal(ω) of the dielectric function [61, 
62]: 

εreal(ω) = 1+
2
π p
∫ ∞

0

εimaginary(ω
′

)

ω′2 − ω2 dω′ (4) 

From the real and imaginary parts of dielectric function, we can 
easily deduce the expressions for linear optical properties such as α(ω), R 
(ω), n(ω), қ(ω) and L(ω) by the relations given below [61,62,64,66–68]: 

α(ω) =
̅̅̅
2

√
ω
[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εreal
2(ω) + εimaginary

2(ω)
√

− εreal(ω)
]

(5)   

R(ω)=

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
εreal

2(ω)+ iεimaginary(ω)− 1
]√

2/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
εreal

2(ω)+ jεimaginary(ω)+1
]√ ]2

(6)  

n(ω) =
1̅
̅̅
2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[[
εreal

2(ω) + εimaginary
2(ω)

]1
2 + εreal(ω)

]√

(7)  

κ(ω) = ( − iω/4π)ε(ω) (8)  

L(ω) = Im
(

−
1

ε(ω)

)

=
εimaginary(ω)

εreal
2(ω) + εimaginary

2(ω) (9) 

The linear optical properties of delafossite oxides were predicted by 

Fig. 7. Calculated real part of the dielectric function for a) CuAlO2, b) CuScO2 
and c) CuYO2 within mBJ approximation. 

Table 3 
Calculated optical dielectric constant, static reflectivity, static refractive index and κ(ω) peaks for the p-type delafossite transparent conducting oxides 2 H-CuMO2 
(M=Al, Sc and Y), within mBJ approximation compared with other previous works.   

2H-CuAlO2 2H-CuScO2 2H-CuYO2 

Optical parameters  xx zz xx zz xx zz 

εimaginary(0) Present work (mBJ) 4.65 3.28 5.358 4.432 4.617 3.691 
Others works 5.07 [24] 3.8 [24] – – – – 

R(0) Present work (mBJ) 0.134 0.083 0.157 0.126 0.132 0.099 
Others works – – – – – – 

n(0) Present work (mBJ) 2.16 1.81 2.31 2.1 2.15 1.92 
Others works 2.25 [24] 1.9 [24] – – – – 

κ(ω) peak’s Present work (mBJ) 14.68 14.408 9.619 9.319 11.932 8.857  

Fig. 8. Calculated imaginary part of the dielectric function for a) CuAlO2, b) 
CuScO2 and c) CuYO2 within mBJ approximation. 
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considering both types of polarization i.e., ordinary polarization (E⊥c) 
along x, y direction and extraordinary polarization (E//c) along z 
direction. 

Fig. 7(a-c) display the curves for real part of the dielectric function 
versus photon energy ranging from 0 to 15 eV. The zero frequency limit 
εreal (0) is an essential parameter governed by the energy band-gap of the 
materials [62]. Moreover, the obtained values of static dielectric con
stant εreal (0) for the three delafossites oxides are listed in Table 3. The 
εreal(ω) has a positive value up to 4.363, 9.590 and 11.952 eV under 
ordinary polarization and 18.395, 9.661 and 11.954 eV under extraor
dinary polarization for 2H-CuAlO2, 2H-CuScO2 and 2H-CuYO2, respec
tively and afterwards, εreal(ω) becomes negative. The prominent peaks 
for real part of dielectric function occur at 3.387, 2.462 and 2.979 eV for 
2H-CuAlO2, 2H-CuScO2 and 2H-CuYO2, respectively. The electronic 
transition from VB to the states of CB resulted in appearance of such 
peaks. 

At higher photon energies, the transparent nature of considered ox
ides makes these compounds less appropriate for single junction solar 
cell; although, these materials are suitable for multi-junction or tandem 
solar cells [30]. 

The imaginary part of dielectric function i.e., εimaginary (ω) represents 
various real transitions between the occupied and unoccupied states. 
The characteristics of εimaginary (ω) as depicted in Fig. 8(a-c), along the 
perpendicular and parallel directions to c-axis of light demonstrated the 
existence of peaks for the incident photon energy up to 15 eV. For 2H- 
CuAlO2, the peak for εimaginary(ω) appears at 4.149 eV due to its indirect 
band gap nature. Similarly, for 2H-CuScO2, two peaks appeared, one at 
4.149 eV as an evidence of indirect transition in addition to the two 
more peaks at 6.843 and 9.619 eV. For 2H-CuYO2, three important 
peaks appeared, the first one at 3.823 eV in addition to the two more 
peaks at 7.061 and 8.857 eV. Generally, all these peaks are originated 
from the hybridization bonding and anti-bonding between Cu_3d, O_2p, 
Sc_3d and Y_3d states. 

Fig. 9. Calculated absorption coefficient for a) CuAlO2, b) CuScO2 and c) 
CuYO2 within mBJ approximation. 

Fig. 10. Calculated reflectivity for a) CuAlO2, b) CuScO2 and c) CuYO2 within 
mBJ approximation. 

Fig. 11. Calculated refractive index for a) CuAlO2, b) CuScO2 and c) CuYO2 
within mBJ approximation. 
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The absorption coefficient is one of the important optical parameters 
and shows a fraction of light that can be observed when passes through 
the material. The calculated absorption coefficient of longitudinal and 
parallel components of light for 2H-CuAlO2, 2H-CuScO2 and 2H-CuYO2 
within mBJ approximation is illustrated in Fig. 9 for the energy range of 
incident photon from 0 to 25 eV. A harmonious trend is evident owing to 
the anisotropic behaviour in context of the polarization type. The ab
sorption edge starts at 2.15, 1.98 and 2.1 eV for the αxx component, and 
3.29, 2.24 and 2.92 eV for αzz component for 2H-CuAlO2, 2H-CuScO2 
and 2 H-CuYO2, respectively. Furthermore, the first intense peak arises 
at 20.91 eV for 2H-CuAlO2, at 9.81 eV for 2H-CuScO2 and at 12.34 eV 
for 2H-CuYO2. The delafossite oxides have demonstrated an improved 
absorption coefficient that enable the use of maximum energy from the 
solar spectrum. The observations revealed that these conducting dela
fossite oxides are suitable when the absorption of light in the visible 
region of solar spectrum is required. The CuMO2 (M= Al, Sc and Y) 
materials would have promising applications in solar cells. 

The reflectivity of light i.e., R(ω) is a significant linear optical 
parameter when investigating the p-type delafossite transparent con
ducting oxides for solar cells. Fig. 10 depicting the low values of R(ω) 
validates the argument regarding use of these materials in optoelec
tronic applications. The maximum value for reflectivity is observed at 
4.53, 9.94 and 12.8 eV for 2H-CuAlO2, 2H-CuScO2 and 2H-CuYO2, 
respectively. 

The zero frequency reflectivity i.e., R(0) for longitudinal and parallel 
components of light were obtained using TB-mBJ scheme for photon 
energy up to 15 eV and are summarized in Table 3. 

The refractive index i.e., n(ω) is also one of the important linear 
optical parameters associated to the atomic interactions microscopic 
level [69]. The refractive index basically explains the transparency of 
semiconducting materials as a function of spectral radiations and exhibit 
an essential role to predict the electronic and optical properties. More
over, refractive index is a key parameter that has impact on applications 

like wave-guides, photonic crystals, detectors and solar cells [70]. The 
calculated n(ω) for delafossite oxides, as a function of the photon energy 
up to 15 eV is shown in Fig. 11. The most prominent feature of the 
refractive index in the current study is high intensity peaks in the visible 
region. These values are obtained within TB-mBJ approximation and are 
listed in Table 3. The refractive index at lower frequencies can be 
described as; n(0) = √εimaginary (0). 

The optical conductivity κ(ω) was deduced from the dielectric 
function as given in Eq. (6). The Fig. 12 depicts the optical conductivity 
curves of the κ(ω) for photon energy up to 15 eV calculated within TB- 
mBJ approximation. Numerous optical conductivity peaks are 
observed for each compound that are observed to vary in accordance 
with the bulk Plasmon excitations between VB and CB. The locations for 
highest peaks of the κ(ω) of 2H-CuAlO2, 2H-CuScO2 and 2H-CuYO2 
compounds are presented in Table 3. 

The L(ω) i.e., electron energy-loss function, defines the loss of elec
tron’s energy while making inter band transitions in the valence orbitals. 
This function includes all the electrons i.e., non-scattered and elastically 
scattered as given in Eq. (9) [41,71]. 

Fig. 13 clarified the energy loss function of the three-delafossite 
oxides within TB-mBJ approximation. The main critical points are sit
uated at 5.972, 12.34 and 14.163 eV for 2H-CuAlO2, 2H-CuScO2 and 
2H-CuYO2, respectively. These points represent the lossless regions. 

4. Conclusions 

In summary, the structural, electronic and optical characteristics of 
p-type delafossite transparent conducting oxides 2H-CuMO2 (M=Al, Sc 
and Y) have been investigated. The framework of all-electron FP-LAPW 
method with LDA and GGA approximations for enhancing the lattice 
constants, the related bulk modulus B and its first pressure derivative B’ 
have been used. The observations revealed a close agreement among 
already published experimental and theoretical works. The precise 

Fig. 12. Calculated conductivity for a) CuAlO2, b) CuScO2 and c) CuYO2 within 
mBJ approximation. 

Fig. 13. Energy loss function for a) CuAlO2, b) CuScO2 and c) CuYO2 within 
mBJ approximation. 

M. Hadjab et al.                                                                                                                                                                                                                                



Materials Today Communications 32 (2022) 103995

10

prediction of energy band-gap, a recently modified semi-local Beck
e–Johnson potential TB-mBJ has been employed. The band gap calcu
lations revealed that the values obtained are very much reliable when 
compared with experimental and theoretical calculations. The band 
structure calculations demonstrated that 2H-CMO2 is an indirect band 
gap semiconductor, and for this structure, we have analysed the band- 
gap structure and other linear optical properties using the TB-mBJ po
tential. The observed linear optical characteristics of the studied mate
rial suggested that the considered materials would have potential 
applications in solar cells and other optoelectronic devices. 
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