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ABSTRACT (ARIAL, BOLD, 11 FONT, LEFT ALIGNED, CAPS) 10 

 11 

Thermoelectricity is a technology that achieves thermal-to-electric conversion and vice versa. It requires 
high performance thermoelectric compounds for effective conversion efficiency. The thermoelectric 
properties of CdO in the rocksalt structure, obtained by first principle calculations are presented. Many 
thermoelectric materials have low figures of merit hence low conversion efficiency. This research sought 
to carry out an ab initio study of thermoelectric properties of pristine and Zn-doped cadmium oxide. The 
properties were obtained by calculating the electronic structure dependent properties. Post processing of 
the DFT calculation was done using the BoltzTraP and Phono3py codes. From the seebeck coefficient 
CdO was found to be an n-type semiconductor with a figure of merit (ZT) of 0.30.All the results obtained 
on pure CdO systems were comparable to the existing literature. Doping was done using the supercell 
technique. We found 4% doping sufficient to yield a high PF of 10x10

-4
W/mK

2
 at 1000K. Hence, Zn 

doping enhances thermoelectric properties of CdO. 
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1. INTRODUCTION (ARIAL, BOLD, 11 FONT, LEFT ALIGNED, CAPS) 17 

 18 

Transition metal oxides (TMOs) have a roused an interest over a decade now due to their novel functionality. They form a 19 
fascinating class of materials due to their wide ranging mechanical, optical and electronic properties [1]. CdO is a TMO 20 
that has interesting properties that allows it for use in various novel applications in solar cells, gas sensors, anti-reflection 21 
coatings etc [2].CdO is a potential thermoelectric material (TE). TE materials are widely regarded as materials that can 22 
provide potential solutions for power generation and refrigeration technologies as well as their future advancements [3]. 23 
Additionally, they offer opportunities for the development of technologies in areas such as smart sensors, energy 24 
harvesting, and the new concept of thermo-power wave source [4]. Cadmium Oxide is an n-type semi-conductor in the 25 
rocksalt structure with high carrier mobility.  The dimensionless figure of merit (ZT), is an important parameter that is key 26 
in determining the performance of TE. ZT is linearly dependent on the temperature as illustrated in equation 1.1 27 
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 Where  is the electrical conductivity, S is the Seebeck coefficient, K is the total thermal conductivity and T is the 29 

temperature. The power factor is given by ( 2S ) hence, it is linearly dependent to ZT. Total thermal conductivity is the 30 

sum of carrier thermal conductivity (ke) and the phonon thermal conductivity known as the lattice contribution (kp). For a 31 
high ZT, materials are expected to have a large σ and low K. Unfortunately, according to Wiedmann-Franz law, electrical 32 
conductivity is directly proportional to electronic thermal conductivity as in equation 1.2. Hence, this law conspires against 33 
having high σ and low K at the same time, making good TE materials to possess very conflicting properties 34 
 35 

 1.2                                                                                                                         .LTke   36 

UNDER PEER REVIEW



 

2. MATERIAL AND METHODS  37 

All the calculations were done within the Density Functional theory implemented in Quantum ESPRESSO (Q.E) computer 38 
code [5]. Post processing of the data was done by the Boltztrap [6] and Phono3py [7] computer codes. The Equation of 39 
State (EOS) used was Murnaghan. It is based on the assumption that the bulk modulus varies linearly with pressure. The 40 
electron-ion interaction was described by the Norm Conserving formalism. For the exchange –correlation interaction, we 41 
used the GGA-PBE [8]. A cut off energy of about 60Ry was used in these calculations. For sampling the Brillouin Zone 42 
(BZ), Monkhorst-Pack  k-point meshes [9] with grids of 17x17x17 were used. These parameters were found to be 43 
sufficient for energy convergence to within 0.1 meV. In the CdO rocksalt structure (NaCl), the Cadmium and Oxygen 44 
atoms are positioned at (0,0,0) and (0.5,0.5,0.5) . 45 
The structure of the CdO considered is shown in figure 1.0 46 

          47 

Figure 1.0: (Colour online) The crystal structure of CdO. Where the large grey and small blue balls signify Cd and O 48 

respectively.   49 

3. RESULTS AND DISCUSSION 50 

 51 

3.1.0: Electronic and Thermoelectric properties 52 

The band gap problem has remained a major challenge as far as GGA and LDA are concerned since they underestimate 53 
the band gap. The band gap, in relation to Kohn-Sham (Eg-KS) is the difference between the eigen values of lowest 54 
unoccupied and highest occupied Eigen states [10]. The reason for underestimation of the bandgap in GGAs and LDA 55 
may probably be due to the delocalization error or lack of derivative discontinuity in the exchange correlation potentials 56 
(Perdew, Burke, & Ernzerhof, 1996). Nevertheless, the band structure calculations are prerequisite for calculations and 57 
interpretation of thermoelectric properties.  58 

BoltzTraP code is more of a post-processing code that takes outputs of Q.E as inputs for calculating the electrical 59 
conductivity (σ) Seebeck coefficient(S), and the electronic thermal conductivity along the x, y and z axes. A dense k 60 
mesh of 50,000 k points in the first Brillouin zone was used in the calculation at constant relaxation time 61 
approximation, σ was expressed in units of  . We did our calculation under a constant relaxation time of 10fms. 62 

Thermal conductivity (K) was studied with an emphasis on both electronic and phonon contributions. Using the 63 
Phono3py code, the lattice thermal conductivity was calculated by taking in account the force sets derived from the 64 
supercell approach. The figure of merit was then obtained using equation 1.1 at various values of T. The thermoelectric 65 
properties were calculated using the Boltztrap code in the constant relaxation time approximation.The position of 66 
chemical potential (µ) plays an important role with regard to the thermoelectric properties. Position of µ in the band 67 
structure determines which electrons in the valence or conduction band take part in the electronic transport and thus 68 
influences both the conductivity and the seebeck coefficient. Doping can be used to manipulate the µ by varying the 69 
number of valence electrons in compounds.The electrical conductivity, total thermal conductivity and the seebeck 70 
coefficient have accumulated effect on the figure of merit. 71 

 72 

3.1.1 Electrical Conductivity 73 

 74 

Conductivity is the measure of the ease at which an electric charge or heat can pass through a material.To be specific, 75 
electrical conductivity tells us how well a material will allow electric charge to travel through it. In the pristine CdO, the 76 
electrical conductivity decreases with increase in temperature as seen in figure 2.This is due to the high carrier 77 
concentration of CdO. Since electrical conductivity is given by  78 
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79 

Where n is carrier concentration and µ is the carrier mobility, then carrier concentration increases with temperature 80 
resulting to a decrease in mobility hence decreasing conductivity. The electrical conductivity in CdO was similar in the 81 
entire three axes. This confirmed the electrical isotropy in the axes of CdO. 82 
 83 
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 84 
 Figure 2: Variation of electrical conductivity with temperature. 85 

3.1.2 Thermal Conductivity 86 

Thermal conductivity tells us the ease upon which heat energy can move through a material. Total thermal conductivity is 87 
the sum of electronic (kel) and lattice contribution (kph) of the crystal. Figure 3 shows the variation of electronic and lattice 88 
contribution of thermal conductivity with respect to temperature. The electronic contribution increases with increasing 89 
temperature. This is due to increase in carrier concentrations. The lattice part decreases with increasing temperature. 90 
With increasing temperature, phonon concentration increases and causes increased scattering. Thus lattice scattering 91 
lowers the carrier mobility more and more at higher temperatures. Increased phonon scattering increases the resistance 92 
of electrons to conductivity. 93 

 94 
Figure 3: Variation of electronic and lattice contribution of thermal conductivity with respect to temperature. 95 

 96 

3.1.3 Seebeck coefficient (S) 97 

Seebeck Coefficient is a measure of the magnitude of an induced thermoelectric voltage in response to a temperature 98 
difference across that material as induced by the seebeck effect. The variation of seebeck coefficient with temperature 99 
shows a downward trend as seen in figure 4. The seebeck coefficient values are negative implying that the conduction is 100 
due to electrons hence CdO is an n-type semiconductor.  101 
 102 
 103 
 104 
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 107 
 Figure 4: Variation of Seebeck coefficients with temperature. 108 

 109 

 110 

3.1.4 Figure of Merit (ZT) 111 

The figure of merit is a dimensionless quantity used to characterize the performance of a material relative to its 112 
alternatives. It is a temperature dependent material property derived from temperature dependent properties ( S, σ and K). 113 
It is clear from figure 5 that the ZT increases with temperature. A ZT value of 0.30 at 1000K is obtained. This is in good 114 
agreement with experiments that obtained a maximum ZT of 0.34 at 1023K for pure CdO [11]. 115 

 116 

 117 
 Figure 5: Variation of figure of merit with temperature. 118 

 

119 

 

120 

3.2 Thermoelectric properties of Zn doped CdO 121 

A 3x3x3 supercell was made comprising of 54 atoms. Substitution doping was then done at 2%, 4% and 6%. The doping 122 
percentage was arrived by taking the effective mass of zinc divided by the total mass of the other elements multiplied by 123 
100%. 124 
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 125 
Figure 6: (Colour online)  A 3x3x3 supercell of CdO. The large grey and Small blue balls represent Cd and O respectively. 126 

 127 

(a) (b) (c) 128 
Figure 7: (Colour online)  Doped supercells of the CdO at (a) 2%,  (b) 4% and (C) 6%, the large grey,  Small blue and 129 
Medium green balls represents Cd, O and Zn respectively 130 

Since the figure of merit is directly proportional to the power factor at a given temperature, the power factor at various 131 
concentrations was calculated and it was noted that on doping, there was a significant shift in the powerfactor. This 132 
implies that, there is a significant positive change on the figure of merit once doping is done on CdO. At 4%, a greatest 133 
power factor of 10x10

-14
W/mk

2
 was obtained at 1000K as shown in figure 8.  134 

The conductivity depends on the mobile charge concentration and the mobility. As the doping increases, the carrier 135 
concentration increases and the mobility decreases. In relatively low doping the carrier concentration increases linearly 136 
with doping concentration while the mobility decreases in a lesser extent with doping resulting to an increase in power 137 
factor as seen in the trends of 2% and 4% doping in figure 8. At heavy doping, an increased fraction of the doping atoms 138 
was not ionized and remained inactive. If the impurity was increased beyond the solid solubility limit, the dopants would be 139 
clustered in the material and the electron concentration no longer increases while these doping atoms cause larger 140 
scattering of the electrons and larger decrease in the mobility. Hence, the Power factor began to fall at certain specific 141 
doping concentration which is 6% doping as observed in figure 8. 142 

This imply that ,4% is the best percentage for doping that yields Zn-CdO that is effective for waste heat conversion. This is 143 
so because the power factor is directly proportional to ZT . 144 
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 145 
Figure 8: An illustration of the power factor at different concentrations of doping. 146 

4.0 Conclusion 147 

Thermoelectric properties of pristine CdO were determined by calculating the electronic structure dependent properties. 148 
The boltztrap code and the phono3py code were essential in the post processing in order to obtain thermoelectric 149 
properties. For thermoelectric properties, the pristine CdO was found to have a ZT of 0.3 at 1000K. Doping enhanced the 150 
power factor of CdO. We found 4% doping sufficient to yield an improved PF of 10x10

-4
W/mK

2
. 151 

 152 

Acknowledgements 153 

 154 
Great appreciation to the National Research fund for funding this project. Masinde Muliro University is appreciated for 155 
providing a platform for this research. The Center for High Performance Computing, Cape Town, South Africa is 156 
appreciated for providing the computational resources.  157 

 158 

 159 
 160 

COMPETING INTERESTS 161 

 162 

No competing interests exists. 163 
 164 
 165 

 166 

REFERENCES 167 

 168 

1. Balendhran, W. S., Nili, A. S., Zhuiykov, H. S., Rosengarten, G. W., Bhaskaran, Q. M., Sriram, M. S., et al. 169 
(2013). Transition metal oxides-Thermoelectric properties. Progress in Materials Science, 58(8), 1443-1489. 170 

2.                    Aditya , J., Abhijit, B. K., & Muralikrishna, M. (2016). DFT Study on the Carrier concentration and 171 
Temperature-Dependent Thermoelectric propertiesbof Antimony Selenide. (F. Bondoli, Ed.) Indian Journal of Material 172 

Science, 2016/7296847, 7296847-7296854. 173 

 174 
3. Han, L., Linderoth, S., Pryds, N., & Van, N. N. (2014). High Temperature Thermoelectric propertiesof ZnO Based Materials. 175 

Technical University of Denmark, Department of energy conversion and storage, Denmark. 176 
 177 

4. Summit, W., Sivacarendran, B., Pyshar, Y., David, Y., Serge, Z., Muthu, P., et al. (2013). MnO2-Based Thermopower Wave 178 
Sources with Exceptionally Large Output Voltages. The Journal of Physical Chemistry, 117(18), 9137-9142. 179 

 180 
5. Giannozzi, P., Baroni, S., Bonini, N., Calandra, M., Car, R., Cavazzoni, C., et al. (2009). QUANTUM ESPRESSO: a 181 

modular and open-source software project for quantum simulations of materials. Journal of physics: condensed matter, 182 
21(39), 395502. 183 

 184 

UNDER PEER REVIEW



 

6. Joshi, H., Rai, D. P., Patra, P. K., Bhamu, K. C., & Thapa, R. K. (2016). An Enhanced Thermoelectric Property of 1-D 185 
silicon Atomic Wire:An Ab-Initio Study. Nanoscience and Nanoengineering, 4(4), 59-63. 186 

 187 
7.          Skelton, J., Burton, L. A., Parker, S. C., Walsh, A., Kim, C., Soon, A., et al. (2016). Anharmonicity in the High-188 

Temperature C m c m Phase of SnSe: Soft Modes and Three-Phonon Interactions. Physical review letters, 117(7), 075502. 189 

 190 
8. Perdew, J. P., Burke, K., & Ernzerhof, M. (1996). Generalized gradient approximation made simple. Physical review letters, 191 

77(18), 3865-3868. 192 

 193 
9. Monkhorst, H. J. (1976). Special points for Brillouin-zone integrations. Physical review B, 13(12), 5188. 194 

 195 
10. Pela, R. R., Ateide, C. A., Marques, M., & Teles, L. K. (2017). Fast and accurate approximate quasiparticle band structure 196 

calculations of ZnO, CdO and MgO polymorphs. Physical Review B, 95, P045126. 197 

 198 
11.  Xiao, Z., & Li-Dong, Z. (2015). Thermoelectric material: Energy conversion between heat and electricity. Journal of 199 

Materiomics, 1, 92-103. 200 
 201 

UNDER PEER REVIEW


