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Abstract 

The thermoelectric properties of delafossite material CuGaO2 have been investigated by theoretical calculations. The energy 

band structures were calculated using the total energy plane-wave pseudopotential method. The calculated equilibrium lattice 

parameters a = 2.944 Å and c = 16.933 Å are in good agreement with both the experimental and theoretical data. CuGaO2 has 

shown an indirect band gap material around 1.101 eV. The calculated energy band structures are used in combination with the 

Boltzmann transport equation solver to calculate the electrical conductivity () and Seebeck coefficient (S) under the constant 

scattering time () approximation. The scattering time of approximately 0.4×10-16 s is obtained, fitting the calculated Seebeck 

coefficient and electrical conductivity with the recent measurement. By considering the effect of the doping level and 

temperature, it is found that the Seebeck coefficient increases with increasing acceptor doping level and decreases with 

increasing temperature, while the electrical conductivity increases as the temperature and doping level increase. This leads to 

the large power factor (S2) for a low acceptor doping level and high temperature. The calculated power factor shows the 

maximum carrier density of hole at around 1×1021 cm-3 to 5×1021 cm-3. Additionally, our study suggests that CuGaO2 can be 

considered as a promising thermoelectric material at high temperature. 
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1. Introduction 

Thermoelectric (TE) materials and devices have been attracted an intense interest because of their potential 

applicatons as energy conversion, sensors, and TE coolings. The efficiency of TE performance could be defined 

by figure of merit, Z = S
2
/ [1]. Note S,  and  are the Seebeck coefficient, electrical conductivity, and 
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thermal conductivity, respectively. The high performance TE materials require high power factor (PF = S
2
) and 

low thermal conductivity. However, it is very difficult to control these parameters independently since the 

Seebeck coefficient is inversely related to the electrical conductivity. Besides, the reduction of the thermal 

conductivity leads to the decrease of the electrical conductivity. Hence, the investigation on TE materials relies 

on increasing electronic transport properties and decreasing thermal conductivity [2, 3].  

Recently, it was reported that the delafossite structure material is one of high potential TE materials [4]. The 

delafossite structures have the formula A
II
B

VI
O

IV
2, where the A site is host to a monovalent cation (Cu, Ag, Pd, 

and Pt), the B site is host to a trivalent transition metal cation (Al, Co, Cr, Ga, In, Y, etc) [5]. Their crystalline 

structures belong to the space group R-3m, which can be viewed as an alternative stacking of the A and BO2 

layers perpendicular to the c-axis as shown in Fig. 1(a). The CuBO2 materials have been attracted attention due to 

their layered structure with hexagonal symmetry and the different sizes of the B atom, leading to different values 

of the electrical conductivity. Therefore, CuBO2 has been widely studied experimentally [6-8] and theoretically 

[9-11] in order to improve the electrical conductivity or TE properties. We have successfully performed the 

calculations of the electronic structures and TE properties of doped CuAlO2 material [12] using the same method 

as in this paper. Technically, the electronic structures of delafossite CuGaO2 were calculated using first principles 

calculations. The calculated band structures are then used in combination with the Boltzmann transport equation 

(BTE) solver under the constant scattering time approximation [13] to calculate the TE properties of CuGaO2. 

Note that the rigid band approach is employed in our calculations [14, 15]. 

 

 

 
                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Crystal structure of delafossite CuGaO2: (a) conventional unit cell; (b) primitive cell in reciprocal space with first Brillouin zone and 

high symmetry points 

 

This paper is organised as follows: we briefly describe the technical details used in this work in Computational 

Details. The structural, electronic and TE properties are presented in Results and Discussion. Finally, the results 

of our calculation are summarized in Conclusion. 

2. Computational Details 

The space group of delafossite CuGaO2 is R-3m. The corresponding Wyckoff positions are Cu (0,0,0), Ga 

(0,0,0.5) and O (0,0,z) [16]. The energy band structures were calculated using the pseudopotential method as 

implemented in CASTEP code [17] which was based on density functional theory (DFT). The states Cu-3p
6
 

3d
10

4s
1
, Ga-3d

10
4s

2
4p

1
 and O-2s

2
2p

4
 were taken as valence electrons. The presence of tightly bound core 

electrons was represented by ultrasoft Vanderbilt-type pseudopotentials. The exchange-correlation potential was 
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treated within local-density approximation (LDA). A plane-wave cutoff energy of 380 eV was used throughout 

the calculation. Geometry optimization was achieved using convergence thresholds of 5×10
-6

 eV/atom for total 

energy, 0.01 eV/Å for maximum force, 0.02 GPa for pressure and 0.0005 Å for displacement. The tolerance in 

the self-consistent field (SCF) calculation is 5×10
-7

 eV/atom. The Monkhort-Pack k point set is 30×30×30 which 

has approximately 2,250 k point in the irreducible part of the Brillouin zone.  The calculated energy band 

structures were then used in combination with the BoltzTraP program [18] to calculate the TE properties of 

CuGaO2. 

The constant scattering time approximation was used in the BTE to calculate the electrical transport 

coefficient, especially in the calculation of the Seebeck coefficient and electrical conductivity. In this 

approximation, it was assumed that the scattering time is an energy-independent parameter and does not depend 

on temperature and doping level, so that the scattering time can be cancelled in the expression for the Seebeck 

coefficient tensor.  Thus, the Seebeck coefficient tensor can be expressed as:  

 

 1S 


  ,             (1) 

 

where ( , )i k  are the component of the band velocity. Note that the band velocity can be calculated from 
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where 
FEf  is the Fermi distribution function, EF is the Fermi energy, e is the electron charge, T is temperature 

and  is the volume. The conductivity tensor  is given by 

 

  2

,
, ( , ) ( , )

i k
i k e i k i k                 (3) 

 

In order to calculate the transport distribution in Eq. (1)-(3), the group velocity, the energy, and the scattering 

time are needed for each k point. A direct calculation of the group velocity, using the definition, is given by 

 

 
 ik

i

k
k





                         (4) 

 

Note that the group velocity in Eq. (4), is a gradient in reciprocal space of the dispersion relation or band 

structure of the electrons in crystal or material. 
 

3. Results and Discussion 

The calculated lattice constants of the conventional cell delafossite CuGaO2 are a = 2.944 Å and c = 16.933 Å. 

These values are in good agreement with the experimental data: a = 2.976 Å, c = 17.160 Å [19], a = 2.857 Å, c = 

16.940 Å [20], a = 3.005 Å, c = 17.122 Å [21] and the theoretical data: a = 2.955 Å, c = 17.015 Å [22], a = 2.977 

Å, c = 17.171 Å [23]. Figure 2 shows the calculated energy band structure and partial density of states (PDOS). 

The energy band structure is calculated along the way that contains the highest number of high symmetry points 

of the Brillouin zone, F(1/2,1/2,0), (0,0,0), Z(1/2,1/2,1/2), L(0,1/2,0). It can be seen that CuGaO2 is an indirect 

gap (F- point) material with the gap of 1.101 eV. Our calculated band gap is in good agreement with other 

theoretical calculation values, which are reported to be 1.04 eV [22] and 1.10 eV [24]. By considering PDOS, it 
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is clearly seen that the conduction band minimum states are mainly dominated by Cu-3p
6
, O-2p

4
 and Ga-4s

2
 

states, whereas the valence band maximum states are mainly composed of hybridized Cu-3d
10

 and O-2p
4
 states. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 2. (a) Calculated energy band structure; (b) calculated partial density of states, of CuGaO2 

 

According to rigid band approach, the effect of p-type acceptor doping level can be considered by varying the 

acceptor doping levels from 172 to 214 meV above the maximum valence band. Note that the Fermi energy is 

located at approximately 186 meV by comparing with the experimental Seebeck coefficient [19] and hole 

concentration [25]. From PDOS, the electronic structure can be reorganized by doping the impure atom at the A 

or B sites to study the effect of the acceptor doping levels. For example, the electrical conductivity significantly 

increased when the Pt was substituted in Cu1-xPtxFeO2 due to the increasing hole carrier [26]. The resistivity of 

the 5% Mg-doped delafossite CuCr1-xMgxO2 film rapidly decreased from 67 to 0.025 cm [27]. The conductivity 

of CuY0.94Ca0.06O2 is more than four orders of magnitude higher than that CuYO2 at the room temperature [28]. 

The carrier concentrations of CuCrO2 are increased by doping Mg in Cr atom site from 3.14  10
15

 cm
-3

 to 

3.14 10
18

 cm
-3

 which is the main cause of the decrease of the resistivity [29]. These results indicated that the 

low (high) hole concentration can be obtained by shifting acceptor doping levels up (down). 
 

 

 

 

 

 

 
 

 

 
 

 

 

 

Fig. 3. Calculated transport coefficients: (a) Seebeck coefficient; (b) electrical conductivity as a function of absolute temperature for different 

acceptor doping levels      
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Fig. 4. Calculated power factor, S2 as a function of: (a) absolute temperature; (b) hole concentration 

The calculated temperature-dependent Seebeck coefficient for different acceptor doping levels is 

demonstrated in Fig. 3(a). It can be seen that Seebeck coefficient exponentially decreases with increasing 

temperature. This result is in agreement with experimental results reported by R.B. Gall et al. [20]. The electrical 

conductivity is also calculated as a functon of temperature. Results are shown in Fig. 3(b). The increasing carrier 

concentration (the decreasing acceptor doping level) gives rise to the increase of the electrical conductivity as 

found in the common semiconductors [30]. The constant scattering time in Eq. (3) is obtained to be 0.4×10
-16

 s 

by fitting our calculated electrical conductivity respect to the constant scattering time with the experimental 

temperature-dependent electrical conductivity [20] at the Fermi energy. Fig. 4(a) shows the calculated PF in 

CuGaO2 for various values of p-type acceptor doping levels. It can be seen that the PF increases with increasing 

temperature and p-type acceptor doping level. The trends of PF in the CuGaO2 is similar to the trends of the 

other delafossite materials which is obtained by the experimental observations [26, 31-33]. The hole 

concentration dependence of PF are demonstrated in Fig. 4(b). It is indicated that the CuGaO2 is a promising the 

TE material at metallic carrier density (1×10
21 

cm
-3 

- 5×10
21

 cm
-3

) and high temperature. 

4. Conclusion 

In summary, the calculations based on density functional theory and Boltzmann transport theory were 

performed to investigate the electronic structures and TE properties for the delafossite p-type CuGaO2. The 

energy band structure shows the indirect band gap of CuGaO2 with 1.101 eV and the Fermi energy is at 186 meV 

above the top valence band. The corresponding carrier concentration is 4.02×10
17

 cm
-3

. The average scattering 

time is 0.4×10
-16

 s. By considering the effects of p-type doping and temperature on TE properties, it is found that 

the PF increases with increasing acceptor doping level and temperature. It is concluded that the delafossite 

material CuGaO2 can be considered as a promising TE material at high temperature and high p-type doping. 
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