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Abstract 
 

Defect engineering is an effective method to enhance the power factor of a thermoelectric material by modulating its band 
structure. For cuprous delafossite oxides, the limitations in achieving an outstanding figure of merit [zT] are due to their 
intrinsically low charge carrier mobility and high thermal conductivity. Herein, we apply defect engineering via doping CuAl1-

xFexO2 with x=0.05, 0.1, 0.2 at different deposition temperatures to overcome the aforementioned issues. The effects of Fe 
doping on both electronic properties and thermal conductivity have been systematically studied. The addition of Fe was found 
to enhance the electrical conductivity with an increased carrier density. The mass difference between Al and Fe resulted in 
phonon scattering, which significantly reduced the thermal conductivity. As a result, the ultra-low thermal conductivity of 
0.776 W/m·K was obtained at 773 K for CuAl0.8Fe0.2O2. Detailed analyses of the temperature-dependent Seebeck coefficient, 
electrical conductivity, and thermal conductivity with materials properties have been discussed. The effect of Fe addition is 
advantageous for the improvement of CuAlO2 thermoelectric properties. 
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1. Introduction 

Thermoelectric (TE) technology has gained popularity as a 

potential renewable energy source to replace conventional 

ones. Due to the issues including, but not limited to, 

environmental impacts, political controversies, and shortage 

concerns, energy generation can no longer rely upon 

conventional energy sources such as fossil fuels.[1] The use of 

TE technology can relieve some of the aforementioned issues. 

However, the broader application of TE is hindered by 

materials toxicity, high cost, thermal stability, and moderate 

conversion of energy.[2] To improve the limitations, studies 

have been conducted to explore various promising oxides TE 

materials and their properties.[3–6] Cuprous delafossite oxides 

CuMO2 (M=Al, Cr, Fe, Mn, etc) transport properties in 

optoelectronics devices have been widely studied. However, 

its application in the thermoelectric area has not been fully 

explored. Due to the localized oxygen p-type nature of the 

valence band, CuAlO2 has low mobility and high thermal 

conductivity were major factors that impeded the realization 

of a high zT.[7,8] 

The efficiency of a TE material is determined by the figure 

of merit (zT) which includes both electrical and thermal 

properties. It can be written in the dimensionless form of 

𝑧𝑇 =
𝑆2𝜎

𝑘𝑇
𝑇                                          (1) 

where S is the Seebeck coefficient, σ is the electrical 

conductivity, kT is the total thermal conductivity, and T is the 

absolute temperature. Due to the interdependence of three 

parameters, there is a trade-off between power factor and 

thermal conductivity to reach an optimized zT. 

Defect engineering is one of the effective approaches for 

improving the TE efficiency of CuAlO2 alloys by enhancing 

their electronic properties or reducing lattice thermal 

conductivity via additions of the dopants.[9–12] Several studies 

have investigated using different dopants to further enhance 

the electronic properties of CuAlO2 alloys. Sakulkalavek et al. 
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reported an enhancement in the electrical conductivity of p-

type CuAlO2 by Ag2O addition caused by the increased carrier 

density.[13] As the interdependence of electrical and thermal 

conductivity, high electrical conductivity will lead to an 

increase in thermal conductivity. However, a large value of 

thermal conductivity limited the broader application of 

thermoelectric. The Ca substitution in CuAl1-xCaxO2 up to 

x=0.1 showed an increased power factor contributes by both 

electrical conductivity and the Seebeck coefficient.[14] The lack 

of a thermal conductivity study remains an uncertainty to 

conclude the effectiveness of using Ca dopant. Another study 

on Cr substitution has been predicted to increase the density 

of states at the top of the valence band through DFT 

simulations, which showed the promise of electronic 

properties improvement.[15] Co-doping of two different 

substituents was also investigated to further increase the 

electrical conductivity. It was found that the power factor was 

substantially improved by the addition of both Ag and Zn 

which reaches a value of 1.26 × 10-4 Wm-1K-2 1060 K.[16] The 

result is similar to the study on the effects of Fe addition. Park 

et al. reported that Fe addition up to x = 0.1 significantly 

increased the power factor because of a significant increase in 

electrical conductivity. The highest value measured was 1.1 × 

10-4 W/m·K2 for x = 0.1 at 1140 K.[17] Also, several other 

studies on Fe doping showed the feasibility of the 

enhancement of the power factor caused by increased carrier 

density.[18–20] To the best of our knowledge, there has been no 

report on the phonon transport effects on zT of CuAlO2 by the 

addition of point defects.   

Herein, this paper aims to enhance the thermoelectric 

properties of CuAlO2 by incorporating Fe2O3. Due to the mass 

difference between Fe and Al (MFe=55.845u, MAl=26.98u), we 

anticipated the substitution of Fe to scatter phonons effectively. 

As a result, the multiscale defects (point defects, grain 

boundaries) significantly reduce the lattice thermal 

conductivity to ~0.776 W/m·K at 773 K, which is the lowest 

reported lattice thermal conductivity at high temperature for 

CuAl1-xFexO2. 

 

2. Experimental  

2.1 Sample preparation  

Fe-doped samples of CuAl1-xFexO2 (x=0.05, 0.1, and 0.2) were 

stoichiometrically mixed using Al2O3, CuO, and Fe2O3 

powder with alcohol using the solid-state method by ball 

milling. The ball milled blurry was dried at 100˚C overnight 

and then annealed at different temperatures and duration in air. 

The resultant powders were cold pressed into pellets with 

13mm diameter and 2mm thickness. 

 

2.2 Sample characterization  

The phase composition of as-annealed powders was analyzed 

via powder X-ray diffraction (XRD; Panalytical Empyrean) 

using Cu Kα radiation with Bragg-Brentano mode at 40 kV 

and 40 mA. The microstructure of as-annealed powders was 

investigated by a scanning electron microscope (SEM; FEI 

Nova NanoSEM). The elements dispersion of the 

CuAl0.9Fe0.1O2 sample was observed by energy dispersive X-

ray spectrometer (EDS). 

The details of the temperature-dependent Seebeck 

coefficient were determined through a home-built 

measurement system in a vacuum chamber as described in our 

previous publications.[7,21] The S was calculated from the slope 

of temperature vs voltage. Temperature-dependent electrical 

conductivity was directly measured by the hall effect using the 

Van der Pauw method (Ecopia AHT55T5). The thermal 

conductivity was calculated via κ = 𝜌𝐶𝑝𝐷 , where 𝐶𝑝 is the 

measured specific heat and D is the measured thermal 

diffusivity by laser flash method (LFA 467, NETZSCH, 

Germany) using the transient time-dominant method. All the 

TE properties were measured from 300 K to 780 K in a 

nitrogen environment. The uncertainty of each measured 

transport property is about 5%. 

 

3. Results and discussion 

The experiments on different annealing temperatures and 

times have been conducted to determine the optimized growth 

conditions for CuAl1-xFexO2 samples. The crystallinity of as-

annealed CuAl0.9Fe0.1O2 powders is investigated by XRD. All 

the samples are polycrystalline as patterns shown in Fig. 1 (a). 

The main peaks in samples could be indexed to the 

rhombohedral phase (Space group of R3̅  ). The measured 

lattice parameters are in good agreement with the 

computational results for this material[17] Monoclinic 

baddeleyite (ZrO2) is detected as a unique zirconia phase in all 

composite samples, in accordance with the phase diagrams. 

Annealing at 1060 °C for 12 hours leads to the raw materials 

are not fully reacted, on the other hand, annealing at 1150°C 

for 20 hours results in a second phase in the samples, as shown 

in Fig. 1(a) back and blue line, respectively. The high phase 

purity of the sample is obtained by annealing the materials at 

1060°C for 20 hours in the air, as shown in the red line, Fig. 

1(a). 

The different Fe-doped CuAl1-xFexO2 powders have been 

synthesized following the stoichiometric equation as shown 

below. The powders with different Fe doping concentrations 

have been annealed at 1060 °C for 20h in the air for enhanced 

phase purity. The results in XRD patterns are shown in Fig. 

1(b). All the main peaks agree well with the rhombohedral  
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Fig. 1 XRD patterns of phase composition and crystal structure study for CuAl1-xFexO2 powders. (a) CuAl1-xFexO2 under different 

annealing temperature and time; (b) stoichiometric CuAl1-xFexO2 powders annealed under 1060°C for 20h in air. 

 

structure that indicated high phase purity. The width of XRD 

peaks decreases with the increase of Fe doping concentrations. 

This is due to the grain size growing with the addition of Fe2O3. 

The optimized Fe doping concentration will be determined by 

measuring the material's thermoelectric properties.  

𝐶𝑢𝑂 +
1−𝑥

2
𝐴𝑙2𝑂3 +

𝑥

2
𝐹𝑒2𝑂3 → 𝐶𝑢𝐴𝑙1−𝑥𝐹𝑒𝑥𝑂2 +

1

4
𝑂2                                 

Figure 2 shows SEM micrographs of powder sample 

CuAl1-xFexO2. The grain size increases from 0.8 µm to 2.5 µm 

as the amount of Fe in the CuAl1-xFexO2 samples increases. 

When x=0.2, the grain size is much larger compared to others 

as shown in Fig. 2(c), which agrees with the XRD results 

discussed above. There are a few small particles attached on 

the surface of CuAl1-xFexO2 powders that are ZrO2 residuals 

during the ball milling process as observed in SEM images. It 

is also observed ZrO2 peak in XRD results. The phase 

composition of annealed CuAl0.9Fe0.1O2 powder was analyzed 

by SEM/EDS, as shown in Fig. 2(d). The element mapping of

 
Fig. 2 SEM micrographs of stoichiometric CuAl1-xFexO2 powders annealed under 1060 °C for 20h in air (a) CuAl0.95Fe0.05O2; (b) 

CuAl0.9Fe0.1O2; (c) CuAl0.8Fe0.2O2; (d) EDS element maps for as-annealed CuAl0.9Fe0.1O2 powder. 
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the sample shows uniformly distributed in the annealed 

powders, presenting high phase purity of the samples. The 

atomic ratio for Cu: Al: O is 1:1:4.  

The electronic transport properties of pressed pellets have 

been conducted by Hall measurement using the four-point 

probe method. Temperature-dependent electrical conductivity 

and mobility results of CuAlO2 with different Fe doping 

concentrations are shown in Fig. 3(a). Overall, electrical 

conductivity increases with the increase in temperature 

showing semiconductor behavior. With the increasing 

temperature thermal energy excites more free electrons 

hopping from the valence band to the conduction band 

resulting in enhanced electrical conductivity. Compared to the 

electrical conductivity of undoped CuAlO2 is about 17 S/m at 

780 K,[7] Fe doping CuAlO2 shows a nearly three times higher 

value of ~45 S/m at the same temperature. The addition of Fe 

dopant effectively increases free holes that enhance the carrier 

concentration, which contributes to higher electrical 

conductivity. It is notable to see that Fe doping composition at 

0.1 is the optimized doping concentration that reaches high 

electrical conductivity over the temperature. This may due to 

the higher value of mobility as shown in Fig. 3(b). The 

relationship between electrical conductivity and mobility is 

shown below: 

𝜎 = 𝑞𝑛𝜇                                    (2) 

where µ is the mobility, n is the carrier concentration, and q is 

the charge per electric charge.  

With the addition of Fe up to x=0.1, the increase of the 

density makes a more significant contribution to the reduction 

of the scattering process that enhances the mobility. To 

understand the different scattering mechanisms, the scattering 

factor can be obtained from the relationship between hall 

mobility and temperature, as shown below: 

𝜇 ∝ 𝑇−
3

2
 +𝑟

                                  (3)  

where µ is the hall mobility, T is temperature, and 𝑟  is the 

scattering factor.                       

In Fig. 3(b), temperature-dependent mobility for CuAl1-

xFexO2 shows a rough trend of µ~T -1.5 over the entire 

temperature range. This indicates that acoustic deformation 

potential scattering (ADP) with r= 0 has dominated the 

scattering mechanism. This result can also be confirmed by 

Fig. 1, where the FeO-CuAlO2 alloy exists in the sample.  

However, the electrical conductivity of CuAl0.8Fe0.2O2 is lower. 

This is because Fe2O3 has low electrical conductivity. If the 

addition of Fe content is greater than 0.2, the overall electrical 

conductivity will decrease due to low mobility.  

Due to the interdependent nature of all TE parameters (S, 

σ, k), high electrical conductivity does not guarantee better TE 

performance as the Seebeck coefficient may deteriorate. Fig. 

4 shows the temperature-dependent Seebeck coefficient of 

CuAl1-xFexO2 (x=0, 0.05, 0.1, and 0.2). The sign of the 

Seebeck coefficient is positive, indicating the majority of 

carriers are holes and present p-type behavior. The Seebeck 

coefficient values of CuAl0.9Fe0.1O2 and CuAl0.8Fe0.2O2 

increases with the increasing temperature and then decrease. 

Compared to the undoped CuAlO2 Seebeck coefficient value, 

the Fe addition up to 0.1 decreases the Seebeck coefficient as 

the maximum value of 600 µV/K at 500K. This implies that 

the addition of Fe leads to an increase in carrier concentration. 

The inverse relationship between the Seebeck coefficient and 

carrier concentration: 

𝑆 = (
8𝜋2𝑘2𝐵

3𝑒ℎ2 ) 𝑚∗𝑇 (
𝜋

3𝑛
)

2 3⁄

                          (4) 

where  * is the density of state effective mass and n is the 

carrier concentration. 

 
Fig. 3 Temperature-dependent (a) electrical conductivity (σ) and (b) mobility (µ) of CuAl1-xFexO2 (x=0.05, 0.1, and 0.2).  

 

(b) (a) 
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Fig. 4 Temperature dependent (a) Seebeck coefficient (S) and (b) power factor (PF) of CuAl1-xFexO2 (x=0, 0.05, 0.1, and 0.2). 

 

The increasing carrier concentration by doping Fe 

enhances the electrical conductivity but simultaneously 

deteriorates the Seebeck coefficient. The power factor is found 

to increase with increasing temperature, as shown in Fig. 4(b). 

For power generation applications where the heat source is 

unlimited, the PF of the TE materials may be a more important 

parameter than the zT. CuAl0.8Fe0.2O2 shows the highest PF 

value of 11 µW/mK2 at 700K, which is two orders of 

magnitude higher than the reported CuAlFeO2 in the previous 

study.[7] Adding Fe dopants increases electrical conductivity 

without degrading the Seebeck coefficient too much which 

contributes to the high PF of CuAl0.8Fe0.2O2. High purity of 

the samples and annealing process as we discussed above are 

critical steps to ensure the high electrical performance of the 

TE materials. 

One of the strategies to enhance the efficiency of TE 

materials is to minimize thermal conductivity. Total thermal 

conductivity (kT) consists of the contributions from both 

electron and phonon transport, defined as follows: 

𝑘𝑇 = 𝑘𝑒 + 𝑘𝑙                         (5) 

where electronic contribution can be approximately estimated 

by ke = LσT = nqµLT, L is the Lorenz factor (2.45 × 10–8 J2 K–

2 C–2), and lattice contribution kl. Owing to a low ke based on 

a previous study, kT largely comes from the lattice 

contributions for bulk semiconductor materials.[21] 

Temperature-dependent lattice thermal conductivity of 

CuAl1-xFexO2 (x=0.05, 0.1, and 0.2) is shown in Fig. 5(a). For 

different Fe concentrations, samples show a similar trend in 

temperature-dependent thermal conductivity. At low 

temperatures, the thermal conductivity increases due to the 

group velocity enhancement caused by lattice vibrations. At  

higher temperatures, more scattering occurs as phonon- 

phonon Umklapp scattering may dominate the process. It 

shows the decreasing trend of thermal conductivity. With the

 
Fig. 5 Temperature dependent (a) thermal conductivity (k) and (b) figure of merit (zT) of CuAl1-xFexO2 (x=0, 0.05, 0.1, and 0.2). 

 

(a) 
(b) 

 

(a) (b) 
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Fe incorporation increasing, lattice thermal conductivity 

reduces over the entire temperature range. As the mass 

difference exists between Al and Fe, the phonon scattering can 

be intensified by the alloys and defects. Based on SEM results, 

CuAl0.8Fe0.2O2 nanoparticles exhibit more grain boundary that 

limits the phonon mean free path, which enhances the phonon 

scattering compared to other samples. Thus, CuAl0.8Fe0.2O2 

presents the lowest thermal conductivity ~0.776W/mK at 

773K. This value is much lower than conventional 

thermoelectric material such as BiSbTe.[22] This ultra-low 

thermal conductivity shows the feasibility of CuAl0.8Fe0.2O2 

used as p-type thermoelectric material. 

The zT values for CuAl1-xFexO2 (x=0, 0.05, 0.1, and 0.2) 

are shown in Fig. 5(b). It is found that zT increases with the 

temperature increasing. Because Fe doping can enhance the 

power factor and lower the thermal conductivity of CuAlO2, 

the sample CuAl0.8Fe0.2O2 has the maximum zT value of 

1.2×10-2 at 750K. This value is one order magnitude 

improvement than that of undoped CuAlO2 reported 

previously.[7] Further strategies for the zT enhancement: (1) 

using a simulation tool to predict the optimized doping 

concentration for CuAl1-xFexO2 as guidance for experiments. 

The predicted power factor can be used as a baseline to 

compare; (2) further control the nanostructure of the sample to 

ensure the thermal conductivity will remain as low as possible. 

Thus, higher zT will be reached by optimizing carrier 

concentration with a high power factor and low thermal 

conductivity.  

 

4. Conclusions 

In summary, Fe-doped CuAlO2 nanoparticles have been 

successfully synthesized by the solid-state method. The 

addition of Fe2O3 nanoparticles resulted in the enhancement 

of zT for CuAlO2 by defect engineering. Measurements reveal 

that the carrier concentration is at an optimized level while the 

mobility increases through the addition of Fe2O3 up to 10%, 

which directly improves the electrical properties with the peak 

power factor of 11 µW/mK2 at 700K. Moreover, the addition 

of Fe2O3 results in enhanced phonon scattering, which 

promotes the reduction of lattice thermal conductivity from 

1.7 W/mK to 0.776 W/mK at 773K. Therefore, the result in 

TE performance is significantly enhanced with the peak zT 

value of 1.2×10-2 at 750K, about one order magnitude 

improvement than that of undoped CuAlO2. The p-type 

behavior and enhanced TE properties of CuAlO2 open up more 

opportunities using cuprous delafossite oxides in 

thermoelectric and beyond. 
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