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Abstract 

The stability and reproducibility of the electric properties in n-type doped ZnO represent 

known bottlenecks towards potential thermoelectric applications. The degradation is 

promoted by the vanishing of the electronic defects on oxidation and irreversible exsolution of 

the phase impurities. This work proposes a microstructural mechanism showing that these 

processes take place mainly in the pores and highlighting the necessity for high densification 

of ZnO-based thermoelectrics to ensure more stable operation. The electrical performance 

was monitored at various temperatures, followed by a detailed microstructural analysis. The 

evolution of the electrical conductivity and Seebeck coefficient confirm that the degradation 

is related to a gradual decrease in the charge carrier concentration rather than to the effects 

suppressing their mobility. The results suggest that the donor exsolution may promote an 

increase or decrease of the power factor, guided by the self-optimization of the charge carrier 

concentration. 

 

Keywords: zinc oxide; thermoelectrics; degradation mechanism; microstructural evolution; 

electrical properties 
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1. Introduction 

 Zinc oxide represents a versatile platform for a range of multifunctional materials with 

promising electrical, catalytic, photochemical and optoelectronic properties [1,2]. The 

discovery of relative high charge carrier mobility in aluminium-doped zinc oxide, stemming 

from covalent bonding and a small difference in electronegativity between zinc and oxygen 

[3], have boosted the research focusing on thermoelectric applications of this material. 

Among other oxides, n-doped ZnO features an excellent electrical performance, combined, 

however, with a relatively high thermal conductivity [4-8]. Doping relies on transition metal 

cations and aluminium, possessing the oxidation state higher than 2+ and fitting the size and 

coordination preferences of the wurtzite structure [3,9,10-13]. A promising direction towards 

minimizing the thermal conductivity is represented by the engineering of the nano-grained 

ceramics and nanocomposite concepts [4,14,15]. 

 Another bottleneck limiting the potential application of ZnO-based thermoelectrics is 

the deterioration of the electrical performance with time on heating in ambient air 

[4,7,12,16,17]. In this way, the major advantage of thermal stability, inherent to oxide 

thermoelectrics as compared to traditional Bi2Te3, Bi2Se3, PbTe materials, is compromised for 

ZnO. The degradation in oxygen-rich atmospheres is usually attributed to the oxygen uptake, 

reducing the mobility of the charge carriers at the grain boundaries, and formation of the 

phase impurities [7,8,12,16,17]. Although general reasons for this behaviour are mostly clear, 

no microstructural guidelines for the degradation mechanism are yet proposed. The 

degradation is mostly discussed in terms of the variations in electrical conductivity, without 

taking into account combined effects on the power factor. Our work takes this opportunity by 

considering the time evolution of the electrical conductivity and Seebeck coefficient at 

relevant temperatures, analyzed in combination with post-mortem microstructural studies. 

Three typical dopants promoting n-type semiconducting behaviour in ZnO were selected, 
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including aluminium, iron and zirconium [3,9-11,18]. There is significant scattering in the 

solubility limits of donor-doped ZnO materials which is often linked to diverse conditions 

employed for synthesis and subsequent thermal treatments. Available literature date on the 

solubility of aluminum and iron in ZnO varies from 1 [19] to 0.3-0.25 at.% [3,20] and from 

1.5 [21] to 0.7-0.5 at.% [22], respectively. In the case of zirconium, solubility has been 

reported to be less than 0.04 at.% [23]. The general composition Zn0.996Me0.004O ensures the 

same doping level, which is moderate enough to minimize the phase impurities and blocking 

effects at the grain boundaries while being sufficient to impart a reasonable thermoelectric 

performance. 

 

2. Experimental procedure 

 The set of ceramic samples with a nominal composition Zn0.996Me0.004O (Me – Fe, Al, 

Zr) and pristine ZnO was processed by conventional solid-state route using simple oxide 

precursors. The stoichiometric amounts of precursor´s powders were dispersed in alcohol to 

form a suspension, which was gradually dried while mixed by ultrasound. The resulting dry 

mixtures were compacted using a preliminary uniaxial pressing followed by the final cold 

isostatic pressing step at 200 MPa. Thus obtained green disc-shaped samples were sintered at 

1773 K for 10 h in air to produce ceramics. According to previous works [4,9,13], this 

temperature will produce dense ceramics while maintaining possible Zn volatilization at a 

moderate enough level to minimize phase impurities and blocking effects at the grain 

boundary. The doping level of the as-sintered ceramics is therefore expected to be slightly 

higher compare to the nominal, although the choice of the dopant is not expected to impact Zn 

losses so that the chemical composition remains comparable. In order to obtain less dense 

Zn0.996Fe0.004O ceramics, the dried precursor's mixture was annealed at 1223 K for 6 hours 
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before the compacting step to coarsen the powder. Further on, the freshly-sintered samples are 

referred to as “as-prepared”. 

 XRD studies were performed for the powdered samples, obtained by grinding of 

sintered ceramics. Scanning electron microscopy coupled with energy dispersive spectroscopy 

(SEM/EDS) was involved for microstructural characterization of both polished samples after 

thermal etching and fractured ceramics. Electrical conductivity and Seebeck coefficient were 

measured on bar-shaped samples with the typical dimensions of ∼1.5×2.5×15 mm
3
.  

 Room-temperature XRD patterns were recorded on PANalytical X'Pert PRO 

diffractometer (CuKα), with a step of 0.02° in the range 2Θ=10°–80° using an exposition time 

of 200 s. For the microstructural studies, Hitachi SU-70 instrument (SEM) equipped with a 

Bruker Quantax 400 detector (EDS) was used. The experimental setup for well-controlled 

simultaneous measurements of the electrical conductivity (σ) and Seebeck coefficient (α) is 

described elsewhere (see Ref. [24] and references cited). The studies were done at 450-1173 

K in flowing air. Two measurement procedures were implemented. First one simulated a 

typical route involved in thermoelectric characterization, assuming that, after thermal 

equilibration, no offset effects on the transport properties are present. This included stepwise 

cooling from 1173 K with dwells of 15-30 min, followed by recording the electrical 

properties and the next step. As a rule, the reproducibility error did not exceed 5–9% [4]. The 

uncertainty of temperature gradient measurement at 1173 K was below 4% for the applied 

gradients T of 15-20 K. The second mode to access the degradation relied on the isothermal 

measurements in flowing air after fast heating of the as-prepared samples to 973 K, followed 

by 1173 K. At each of these temperatures, the electrical conductivity and Seebeck coefficient 

were continuously monitored during 25-30 h.  

 

3. Results and discussion 
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Typical XRD patterns of the as-prepared samples shown in Fig. 1A and Fig. S1 

suggest apparently single-phase composition for all as-prepared samples.  

 

 

Fig. 1. XRD pattern of as-prepared Zn0.996Al0.004O sample (A) and composition dependence of 

the lattice parameters and unit cell volume described in terms of the ionic radii [25]. 

 

All reflections belong to a hexagonal wurtzite structure, indexed following ICDD reference 

pattern 04-009-7657. Differences in the relative intensity of the three main peaks (1 0 0) (2 0 

0) and (1 0 1) at 2θ equal to 31.76, 34.43 and 36.26°, respectively, were noticeable for 

Zn0.996Al0.004O and for Zn0.996Fe0.004O with respect to the reference pattern. This phenomenon 

has been related to the presence of crystallographic preferred orientations [26-29]. However, 

owing to the relatively weak texture of all prepared samples, we do not anticipate an 

anisotropic response regarding overall thermoelectric and transport properties. No signs of the 

monoclinic ZrO2 phase were observed for Zn0.996Zr0.004O, while chemical mapping reveals 

corresponding inclusions (Fig. S2). This situation is typical for doped ZnO-based materials 

[4]. The ZnO wurtzite structure is capable of accommodating only a limited amount of the 

transition metal cation, except for Mn and Co [1,9]. Nominally low dopant content 

complicates establishing the solubility limit and identification of the doping excess, which is 

often below the detection limit of a typical XRD equipment. The solubility is mainly 
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determined by the cationic size and charge mismatch, while its low level only slightly affects 

the lattice parameters and the unit cell volume (Fig. 1B). Similarly to Ta
5+

 [13], a high charge 

difference between host and dopant cations may lead to the formation of the dislocations, with 

a substantial impact on the c parameter [1] as in the case of Zr
4+

 (Fig. 1B). In general, these 

results mostly confirm the suitability of the selected samples for further studies. 

 The electrical properties of the as-prepared samples, measured on stepwise cooling, 

are shown in Fig. 2.  

 

Fig. 2. Temperature dependence of the electrical conductivity (A), Seebeck coefficient (B) 

and power factor (C), measured in the conditions of relatively fast thermal equilibration of the 

sample at each temperature. 

 

As expected, all doped samples demonstrate a higher electrical performance compared to 

pristine ZnO, which represents a natural n-type semiconductor with intrinsic defects, 

including oxygen vacancies and zinc interstitials [1]. The obtained values for electrical 

properties are within the typical ranges reported in the literature [3,9-11,18]; the transition 

from thermally-activated semiconducting to metallic behaviour is also often observed and 

discussed in terms of the changes in charge carrier concentration and scattering mechanisms 

[12]. The charge carriers are generated by the following reaction, exemplifying the case of 

doping with iron: 

Zn0.996Fe0.004O (99%)

Zn0.996Al0.004O (96%)

Zn0.996Zr0.004O (96%)

Zn0.996Fe0.004O (90%)

ZnO (92%)

A B C
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       (Eq. 1) 

In pristine ZnO, which is known as a native n-type semiconductor, intrinsic defects including 

Zn interstitials and oxygen vacancies are formed by Frenkel and Schottky reactions, 

correspondingly, and generate electrons [30]: 

   
     

            (Eq. 2) 

  
    

            (Eq. 3) 

These reactions are reversible and may instead trap the charge carriers, leading to lower 

electrical conductivity and higher Seebeck coefficient. The pair defects, which accompany the 

formation of Zn interstitials and oxygen vacancies, include zinc vacancies and oxygen 

interstitials. These defects may localize at the grain boundaries, creating acceptor states and 

potential barriers, impeding the transport of the charge carriers [7]. Thus, the defect chemistry 

of zinc oxide is inherently complex and results in significant variations of the electrical 

properties (Fig. 2A,B) with composition and temperature even for the same dopant content. 

The impacts imposed by a moderate difference in the porosity of the Zn0.996Fe0.004O sample 

also cannot be predicted by using a simple mixing rule. It should be noticed that all studied 

samples possess the density above 90% of theoretical, in good agreement with the 

microstructural studies (Fig. S3). Finally, a significant variation of the power factor for a 

similar dopant content is also observed (Fig. 2C). 

 A discrepancy in the reported thermoelectric performances for donor-doped ZnO is 

often linked to the deterioration over time, with a strong dependence on the thermal prehistory 

[4,12,16]. The electrical performance is usually monitored as a function of temperature for the 

samples after different thermal cycles and/or redox treatments [7,8,12,16,17]. A somewhat 

different approach to evaluate the relevant degradation mechanisms is used in the present 

work, where the electrical properties were monitored overtime at two temperatures (Fig. 3).  
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Fig. 3. Time dependence of the electrical conductivity (A, D), Seebeck coefficient (B, E) and 

power factor (C, F) at 973 K (A–C) and 1173 K (D-F). The extent of evolution for each 

property is shown in % for each composition. 

 

Noticeable changes in electrical conductivity and Seebeck coefficient are already observed at 

973 K. The conductivity decrease is accompanied by a concomitant increase in Seebeck 

coefficient, suggesting a gradual vanishing of the charge carriers as a possible degradation 

mechanism, in opposite to possible suppressing of their mobility. The changes are more 

pronounced for Zn0.996Fe0.004O. Higher temperature (1173 K) promotes even faster 

degradation, as expected for thermal activation. 

 An insight into the microstructural mechanism of this degradation can be obtained 

from SEM/EDS studies of the samples before and after isothermal electrical measurements. 

Fig. 4 shows corresponding micrographs and elemental maps for Zn0.996Fe0.004O, a 

composition showing more pronounced changes in the electrical performance.  
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Fig. 4. SEM images and EDS chemical mapping results for the fractured Zn0.996Fe0.004O 

samples, as-prepared and after electrical characterization. 

 

The samples before electrical measurement are chemically homogeneous except for 

Zn0.996Zr0.004O, in good agreement with the XRD data (Fig. S1). However, while the XRD 

studies did not reveal any evolution in the phase composition after electrical measurements, 

the combined SEM/EDS analysis shows noticeable changes, taking place mainly in the pores. 

Iron-rich nanostructures grown at the pore walls likely correspond to ZnFe2O4 spinel [11], 

which is further not observed neither in ceramics bulk nor at the grain boundaries; this may be 

related to the strong temperature dependence of solubility of iron oxide at high temperatures 

[31], and uncertainties concerning the ZnO/ZnFe2O4 boundary at intermediate temperatures. 

Relatively fast cooling of the ceramics after sintering at high temperature mostly avoids the 

impurity segregation and freezes the high-temperature defect structure [16]. During following 

high-temperature measurements, the oxygen exchange is facilitated in the pores, where less 

geometrical restrictions to the formation of the new phase also exist. The phase exsolution is 

as-prepared
after electrical measurements

Zn0.996Fe0.004O

10 µm
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also expected to be confined in the dense ceramic bulk. Thus, the microstructural mechanism 

of the high-temperature degradation likely involves the irreversible exsolution of the dopant-

containing species predominantly in the pores, consuming the charge carriers:  

     
      

     
                      (Eq. 4) 

In the case of doping with aluminium, the precipitation of ZnAl2O4 spinel phase is also 

mainly observed in the pores, as compared to the as-prepared sample (Fig. S4). Thus, even a 

slight excess of porosity in mostly dense ceramic samples may result in corresponding 

variations of the electrical performance, as illustrated for Zn0.996Fe0.004O (Fig. 2), 

unambiguously suggesting a decrease of the charge carrier concentration. The pristine ZnO 

also demonstrates a noticeable degradation (Fig. 3), which, in this case, can be promoted by 

oxidation and filling the oxygen vacancies at the open surfaces. Unfortunately, the initial 

presence of the phase impurities in Zn0.996Zr0.004O does not allow to follow the microstructural 

aspects of the degradation in this composition (Fig. S2). Though, the dynamic behaviour of its 

electrical properties is essentially similar to other compositions. 

 In general, these observations imply that very high densification is crucial to minimize 

high-temperature degradation. Porosity effects should be further studied, taking into account 

that frozen defect structure of as-prepared samples with modulated porosity may depend on 

the cooling conditions. Fast quenching of the samples after sintering may be involved. 

Nevertheless, the obtained results unambiguously demonstrate that even residual porosity 

may notably affect electrical performance. At the same time, the exsolution of spinel phases at 

nanoscale usually is favourable for suppressing the thermal conductivity in ZnO-based 

materials [15,32], although possible compromise between phonon scattering ability of the 

point defects (e.g.,     
 ,     

  and     
  ) in the crystal structure and nanointerfaces induced 

by the exsoluted phases should be also taken into account [33]. A simple assessment of the 

power factor during degradation (Fig. 3 C,F) suggests that this process, while effectively 
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resulting in donor exsolution, may actually even improve the thermoelectric performance in 

some cases. Although it seems counterintuitive from the first look, the underlying reason is 

likely linked to a self-optimization of the charge carrier concentration, compromising the 

trade-off between electrical conductivity and Seebeck coefficient [34]. However, this 

behaviour is somewhat difficult to account for in real thermoelectric modules, where stable 

performance is one of the main requirements. 
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4. Conclusions 

 In this work, a set of ceramic materials with a nominal composition Zn0.996Me0.004O 

(Me – Fe, Al, Zr) was prepared by the conventional solid-state route and exploited for the 

studies of the degradation of thermoelectric performance. XRD analysis combined with 

SEM/EDS microstructural characterization confirmed the formation of single-phase wurtzite, 

except for Zn0.996Zr0.004O composition. Continuous monitoring of the electrical properties at 

973 K and 1173 K revealed the presence of transient processes, resulting in up to ~40% 

electrical conductivity drop and ~30% enhancement in Seebeck coefficient during first 30-35 

h for Zn0.996Fe0.004O at 1173 K. Similar tendencies were observed for other prepared materials, 

including pristine ZnO. Comparative analysis of the microstructural evolution of the samples 

during degradation have suggested a possible mechanism related to the exsolution of ZnAl2O4 

and ZnFe2O4 spinels, which takes place predominantly in the pores, even in the case of 

residual porosity. The obtained results demonstrated that these processes not necessarily lead 

to the deterioration of the overall electrical performance, described by the power factor. 
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Figures 

 

 

Fig. 1. XRD pattern of as-prepared Zn0.996Al0.004O sample (A) and composition dependence of 

the lattice parameters and unit cell volume described in terms of the ionic radii [25]. 
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Fig. 2. Temperature dependence of the electrical conductivity (A), Seebeck coefficient (B) 

and power factor (C), measured in the conditions of relatively fast thermal equilibration of the 

sample at each temperature.  
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Fig. 3. Time dependence of the electrical conductivity (A, D), Seebeck coefficient (B, E) and 

power factor (C, F) at 973 K (A–C) and 1173 K (D-F). The extent of evolution for each 

property is shown in % for each composition. 
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Fig. 4. SEM images and EDS chemical mapping results for the fractured Zn0.996Fe0.004O 

samples, as-prepared and after electrical characterization. 
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Figure Captions 

 

Fig. 1. XRD pattern of as-prepared Zn0.996Al0.004O sample (A) and composition dependence of 

the lattice parameters and unit cell volume described in terms of the ionic radii [20]. 
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