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Abstract We evaluated praseodymium (Pr) doping

effects on thermoelectric properties of porous zinc oxide

(ZnO) ceramics. The low density ceramics composed of

ZnO and an additive of Pr (0.5 and 0.1 mol%) oxide were

prepared by sintering processes in different atmospheres

(air and oxygen), where the additives were Pr6O11 known

for phase transformations and the trioxide Pr2O3 with low

valence state different from Pr6O11. Thermoelectric prop-

erties of the samples were measured between 313 K and

903 K. At high-temperature around 590 K, some samples

showed a maximum of electrical resistivity. We discussed

the origin of the maximum on the basis of carrier transport

model on gas sensor and varistor. From the results, The

maximum appearance was attributable to an interchange of

carriers through defects complex closely related with en-

hanced zinc vacancies acceptor-like in the vicinity of grain

boundaries (GB), where the defect complex seemed to be

caused by Pr with valence state between 3+ and 3.78+

around GB. The doping Pr into ZnO matrix is expected to

be advantageous to improve thermoelectric power.

Introduction

Versatile zinc oxide (ZnO) has attracted a great deal of

interest because of a material for piezoelectric transducers,

chemical gas sensing devices and so on [1, 2]. In particular,

ZnO varistor ceramics with additives such as praseodym-

ium (Pr) and cobalt (Co) oxide have come into practical use

[3, 4]. The nonlinear current–voltage (I–V) characteristics

of varistors are well explained by the double Schottky

barrier (DSB) model based on the interfacial acceptor state.

Nowadays, the work is proceeding with application of

unique properties of ZnO to UV-blue optical devices,

transparent electrodes and thin film transistors [5–8].

Because, ZnO is one of direct transition semiconductors

with a wide energy band gap of about 3.3 eV, high carrier

mobility and high transparency at room temperature.

However, contrary to the remarkable application, the native

defects in ZnO and the functionalities still have been in

controversy. For example, the subjects of luminescence

originating in native defects, origins of interfacial acceptor

level in the varistor, and point defects complex related with

dopants as well as native defects are argued. As for native

defects, they are considered as zinc interstitial (Zni), oxy-

gen interstitial (Oi), zinc vacancy (VZn), oxygen vacancy

(VO), and these complex [9–11].

Recently, it has been reported that the hydrogen in ZnO

forms a shallow donor level, and then the hydrogen is the

one of primary origins of n-type conductivity in as-grown

ZnO [12, 13]. Furthermore, the followings are suggested by

first-principles pseudopotential method; the VZn is associ-

ated with intrinsic green luminescence, and the Zni or the

zinc antisite contributes to n-type conductivity of intrinsic

ZnO [14–16]. For varistors of ZnO-Pr-Co system, Oba

et al., have reported that the formation of acceptor-like

native defects is associated with the presence of Co dopants

which play an important role for generating interfacial

acceptor states, and there is the dominance of VZn over

other oxygen excess defects in the vicinity of grain

boundaries (GB) [17, 18]. Additionally, the VZn is pro-

duced by Pr just around GB [19]. Hence, the nonlinear I–V
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characteristic can be attributed to VZn with acceptor-like

electronic states in the Pr-doped grain boundary [20]. It has

been also reported by many researchers that the acceptor

state is related with both the excess oxygen and oxygen-ion

adsorbed on the grain surface (GS) and the GB [21–23].

Furthermore, the origin of nonlinear I–V characteristic

have been confirmed in porous ZnO ceramics doped with

Al2O3 as well as non-doped ZnO ceramics under various

oxidizing conditions [24, 25]. The explanation and dis-

cussion about the characteristic is based on the models of

gas sensor reaction [24, 25], where the change of electrical

resistivity q is caused by the carrier transport through the

chemical reaction between absorbed or diffused oxygen ion

(O–, O2–, and so on) and ambient gas.

Evaluating the electrical characteristic originating in

native defects on ZnO is important to a modification in

ZnO-related devices. Furthermore, it is interesting that the

thermoelectric properties of porous ZnO ceramics doped

with Pr are studied on the improvement in thermoelectric

power. In this study, the porous ZnO ceramics with dif-

ferent Pr doping conditions were prepared by a simple

sintering procedure in air and oxygen atmosphere. The low

density bulks were composed of ZnO and an additive

which was one of two kinds of Pr oxides. One is Pr6O11

known for phase transformations [26, 27] and the other is

the trioxide Pr2O3 with lower valence state than that of

Pr6O11, where the Pr content were 0.5 mol% and 1 mol%.

The thermoelectric properties of samples, that is, both the

temperature dependence and the heat-treatment cycle

dependence of q and Seebeck coefficient a were measured

between 313 K and 903 K in reducing atmosphere. Some

samples showed a unique common characteristic, that is, a

maximum of q at high temperature around 590 K. Thus,

we try to explain and discuss the unique characteristic in

view of the defect-related complex in the porous ZnO:Pr

ceramics based on varistors and gas sensors as well as

native defects in intrinsic ZnO. We also discuss the

application of a sample with the highest thermoelectric

potential to electrical and electronic field from the aspect of

the potentiality and the stability in heat-treatment cycle.

Experimental procedure

Starting materials for ZnO:Pr ceramics were ZnO powders

(99.99% purity, Kojundo Chemical Lab Co. Ltd.), Pr2O3

powders (99.9% purity, Kojundo Chemical Lab Co. Ltd.)

and Pr6O11 powders (99.9% purity, Kojundo Chemical Lab

Co. Ltd.). For precursor mixed powders, both the Pr2O3

and the Pr6O11 powders were weighed as 0.5 and 1 mol%

for Pr content in the final mixed powders including ZnO,

and weighed powders were mixed in an agate mortar for

1 h. Such final four kinds of mixed powders and ZnO only

powders were placed in a die 20 mm in diameter and then

pressed at 100 MP at room temperature. The obtained

uniaxial pressing pellets were sintered in air and oxygen

atmosphere at 1023 K for 5 h, here the heating and cooling

rate for sintering was 5 K/min. The sintered samples about

2 mm in thickness were cut into square plates (about

10 mm · 10 mm). Crystal phases of sintered samples

were characterized by X-ray powder diffraction (XRD)

analysis using XRD system with Cu Ka radiation accel-

erated at 40 kV and 40 mA, where, we used the pre-ground

samples which were fully converted in a powdery state in

an agate mortar. Furthermore, to confirm porous state, we

observed a fractured surface by scanning electron micro-

scope (SEM).

The q and a of samples were measured between 313 K

and 893 K in an infrared image furnace filled with flowing

nitrogen gas. Here, a square sample was fixed on the

cupper stage with thermocouple by using silver pastes and

then attached to electrodes. The temperature dependences

of q and a were simultaneously measured by conventional

DC four-terminal method and conventional DC method,

where the sample was heated and cooled at the rate of

10 K/min with temperature difference over 10 K at both

ends of the sample kept. A combination process of both a

heating and a cooling can be counted as one-cycle for heat-

treatment. Thus, we repeated this cycle through 9 times in

all. However, the first cycle was performed without mea-

surement. Because the obtained data in first-cycle included

errors on the ground that silver paste was not completely

burned in the sample and the electrodes. Hence, q and a
were measured over 2nd-cycle and then the cycle for the

measurement were repeated 8 times.

Results and discussion

Structural properties for samples

As the result of XRD measurement, the obtained samples

doped with Pr showed the XRD patterns of ZnO crystal

including Pr oxide crystals. Figure 1 shows typical XRD

patterns for samples doped with 1 mol% Pr (Pr2O3 and

Pr6O11) and nothing sintered in air, where the characters of

AZP21, AZP61, and AZN represent the samples, respec-

tively. For the samples doped with Pr2O3, the segregated Pr

oxide phase was only Pr6O11 phase, and then the differ-

ences in XRD intensities among the samples were shown.

Samples doped with Pr6O11 showed the XRD peaks of

Pr6O11 phase and PrO2 phase in addition to weak peaks

which are probably identified with Pr4O7 phase, and then

the differences in XRD intensities were also shown. To

comprehend the structural characteristics and the segrega-

tions of each as-sintered sample, we summarize the result
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of XRD measurement in addition to samples name, lattice

parameters which were averaged and estimated from angle

of 2h for XRD peaks of ZnO (101) and ZnO (102) and the

ratio of XRD intensity of Pr6O11 (111) (and PrO2 (111)) to

that of ZnO (101) in Table 1. Here, we can notice that

the both of Pr oxides precursor are oxidized, and the degree

of segregation varies according to sintering atmosphere

except for samples of AZP21, OZP21, AZP605 and

OZP605. However, we can find that the apparent difference

in the lattice parameters for ZnO is not seen among all

samples and there is a little contraction of ZnO crystal

lattice in OZP25. As for the composition of samples, there

is a possibility of changing before and after sintering

because some additives and ZnO might be evaporated

during sintering. However, in view of the comparisons

between samples, the accurate composition of samples

seems not to be so important in this study due to the large

difference of 0.5 mol% in Pr content.

Typical SEM images of a fractured surface of samples

of AZP205, OZP205, AZP61, OZP61, AZN, and OZN are

shown in Fig. 2(a–f), respectively. In all samples, a pore is

not seen on the GS although there are many gaps as shown

in Fig. 2. In Fig. 2(b, e), the grain growth of OZP205 and

AZN seems to be enhanced than that of the others. How-

ever, we could not confirm the dependence of grain growth

originating in the difference of Pr content, additive kinds,

and sintering atmosphere in this work. The difference of

grain growth in our samples might be given rise to pressing

conditions with lack of homogeneous compression.

Although an evident GB layer and segregations at the triple

point are often reported in surface images of ZnO varistor

with high density and grain growth enhanced, such char-

acteristics are not seen in our obtained SEM images.

Hence, our samples have the porous state, that is, the lower

density than that of commercial varistors.

Temperature dependence of electrical resistivity

Samples doped with Pr2O3

The temperature dependence of q in 2nd and 9th of cycle

for AZP205, OZP205, AZP21 and OZP21 are shown

in Fig. 3(a–d), respectively. Here, _2up, _2down, _9up

and _9down represented by characters indicate the heating

process in 2nd-cycle, the cooling process in 2nd-cycle, the

Fig. 1 Typical XRD patterns for AZP21, AZP61 and AZO

Table 1 The results of XRD analysis are summarized: the additive, Pr content, sintering environment, samples name, lattice constant for ZnO

(a-axis and c-axis) and ratio of XRD intensity (Pr6O11 (111) and PrO2 (111))

Additive Pr content (mol%) Sintering environment Samples name Lattice constant for ZnO Ratio of XRD intensitya

a-axis (nm) c-axis (nm) Pr6O11(%) PrO2 (%)

Pr2O3 0.5 air AZP205 0.3246 0.5203 2.2 –

oxygen OZP205 0.3247 0.5201 1.5 –

1 air AZP21 0.3246 0.5203 4.6 –

oxygen OZP21 0.3250 0.5203 4.6 –

Pr6O11 0.5 air AZP605 0.3247 0.5204 0.3 1.0

oxygen OZP605 0.3250 0.5203 0.3 0.9

1 air AZP61 0.3249 0.5204 1.9 1.5

oxygen OZP61 0.3248 0.5203 0.3 2.5

non 0 air AZN 0.3251 0.5204 – –

oxygen OZN 0.3250 0.5205 – –

a XRD intensity for ZnO (101) plane = 100%
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heating process in 9th-cycle and the cooling process in 9th-

cycle, respectively. As shown in Fig. 3, all samples show

the thermal hysteresis and the maximum of rho between

500 K and 667 K.

Compared the maximum of OZP21_9up in Fig. 3(d)

with that of OZP205_9up in Fig. 3(b), the increasing of q
with increasing temperature in OZP21_9up is also larger

than that in OZP205_9up in the same manner as the rela-

tionship between AZP205_9up and AZP21_9up.Further-

more, compared the temperature dependence of samples

sintered in air as shown in both Fig. 3(a, c) with that of

samples sintered in oxygen as shown in both Fig. 3(b, d),

there is a critical difference in temperature coefficient of q
between 333 K and 500 K. The former inclines to the

negative temperature coefficient (NTC) and the latter

inclines to the positive temperature coefficient (PTC).

Moreover, for 9th-cycle of all samples doped with Pr2O3,

the consistency of q is seen in lower temperature range.

Non-doped samples

The temperature dependence of q in 2nd and 9th of cycle

for AZN and OZN are shown in Fig. 3(a, b), respectively.

In Fig. 4(b), the thermal hysteresis of rho for OZN is also

obviously different from that for AZN as shown in

Fig. 4(a).

For both AZN and OZN, they have no maximum of q
and then indicate semiconductor-like behavior that q
decreases with increasing temperature. Hence, the total

lower q of AZN seems to be due to the high carrier con-

centration in as-sintered ceramics, and the larger change of

q for OZN in the whole range implies that as-sintered

ceramics can have many acceptor-like defects [9–11, 24,

25]. The sintering process in oxidizing atmosphere can

have an impact on electrical properties of ZnO. Further-

more, the fact that q of OZN suddenly decreases between

500 K and 667 K, where the maximum of q appears in

Fig. 2 SEM images of fracture

surface of (a) AZP205, (b)

OZP205, (c) AZP61, (d)

OZP61, (e) AZN and (f) OZN
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samples doped with Pr2O3, suggests that the carrier trans-

port mechanism in Pr doping samples and in non-doped

ZnO is intimately related to each other. The origin of

carrier transport mechanism is closely related with accep-

tor-like defects in the vicinity of GB [17–23]. If the max-

imum of rho in Pr doping samples is associated with the

acceptor-like defects in ZnO, the effect of Pr doping might

be the enhancement of VZn in the vicinity of GB [19].

On the other hand, the lower q is also confirmed for

OZP205 as well as AZO. In Fig. 2, these AZO and

OZP205 were composed of larger grains than others. It

means that both AZO and OZP205 had lower porosity than

others. Takata et al., have measured q with extremes of

ZnO doped with Al2O3 in air and under reduced pressure in

the range from 303 K and 953 K as a function of the

degree of sintering, and report that extremes become

attenuated and the activation energy for the low-temperature

region decreased as the degree of sintering increased [24].

Thus, the lower q of both AZO and OZP205 might be also

caused by the grain growth.

Takata et al., also explains the experimental data in

terms of the effects of the microstructure of the ceramics

and the chemisorbed oxygen [24]. In Subsect. ‘‘Samples

doped with Pr2O3’’, we pointed out that the difference of

sintering atmosphere determined the type of NTC and PTC

in lower temperature region. Hence, we can explain the

relationship of the experimental data and the grain micro-

structure associated with chemisorbed (and diffused) gases.

The change of q should be attributable to different con-

centrations of chemisorbed (and diffused) gases on GS, in

the vicinity of GB and grain-interior in terms of the gas

sensor model [24, 25]. Moreover, the different concentra-

tions of such gases should be also attributable to the state of

defects on GS and so on [21–23] Here, the considerable

defects can be regarded as donor-like defects, acceptor-like

defects and chemisorbed gases [9–11, 21–25]. As for the

effects of heat-treatment in nitrogen atmosphere, both the

doping samples sintered in air and oxygen exhibit that q of

2nd-cooling stage is much lower than that of 2nd heating

stage, whereas the non-doped samples does not exhibit.

The performance of heat-treatment in nitrogen flow largely

affects electrical properties of samples doped with Pr2O3 in

an early stage in particular. This means that the chemical

reactions should be initiated on GB, GS, the vicinity of GB,

grain-interior and so on.

Furthermore, it is reported that the heat-treatment in

reducing atmosphere can trigger the degradation of ZnO

varistor [28, 29], and then the origin of degradation is

Fig. 3 The temperature

dependence of q at 2nd-cycle

and 9th-cycle for (a) AZP205,

(b) OZP205, (c) AZP21 and (d)

OZP21
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related with the collapse of DSB because of the release of

chemisorbed gases [30, 31] and reaction with H2O [32, 33].

In our case, it is just conceivable that the change of q is

caused by chemical reaction on GB and so on through such

the degradation. In terms of thermal degradation of varis-

tor, it has been also suggested that the degradation needs

the following two gas diffusion mechanisms of greatly

differing rate; GB diffusion of oxygen or lattice defects is

the slower mechanism, and gas diffusion through macro-

scopic flaws, such as micro cracks or interconnected pores,

is the faster mechanism [34]. In our case, as for the

chemical reaction on GB and so on, the following two

remarkable aspects can be considered; one is that chemi-

sorbed gases or released gases are exposed to porous space

surrounded by grains (GB and the vicinity of GB) inside

the bulk, and the other is that such gases are exposed to

ambient outside the bulk. Such aspects can affect the car-

rier concentration and the carrier mobility around GB, and

thus govern the total q.

In Figs. 3 and 4, all samples show a concordance of the

value and the change of q at 9th-cycle in lower temperature

range, while the maximum of q remains in higher tem-

perature region even though the heat-treatment is repeated

many times. This indicates that the chemical reaction

inside and outside the bulk in lower temperature region are

steady or in equilibrium. Hence, the maximum of q should

be closely related with the effects of an additive, that is,

existences of Pr in vicinity of GB. For ZnO-Pr-Co system

varistor, it have been reported that ZnO grains are three-

dimensionally separated from the intergranular Pr oxides

[35, 36]. Here, the phase transformation from fcc-Pr6O11

into Pr2O3 was confirmed when the sintering temperature

increased over 1650 K. Moreover, Wakiya et al., reported

that the redox reaction of Pr oxide in the ZnO grains is

strongly affected by the microstructure, where the Pr2O3

phase in the ZnO matrix remains as a stable phase[37]. For

the reasons mentioned above, the carriers are probably

transported between porous space and grains including the

vicinity of GB inside the bulk, and between grains on the

vicinity of bulk surface and ambient gases outside the bulk.

Samples doped with Pr6O11

The temperature dependence of q in 2nd and 9th of cycle

for AZP605, OZP605, AZP61 and OZP61 are shown in

Fig. 5(a–d). The temperature dependence of q for both

AZP605 and AZP61 as shown in Fig. 5(a, c) shows the

same tendency of that for samples doped with Pr2O3 as

shown in Fig. 3. However, there are differences in Pr

content dependence of q maximum. The degree of the q
increase at maximum for samples doped with Pr2O3 is

larger than that for Pr6O11 doped samples. The temperature

dependences of q for both OZP605 and OZP61 are much

different from that for the other samples although the PTC

of q is shown in lower temperature range. In particular,

there is no-maximum of q as shown in the other samples

between 500 K and 667 K. We can exclude both OZP605

and OZP61 as the exception from the point of view men-

tioned above. These samples seem to have the electrical

properties different from that of the others. In Table 1, it is

obvious that both OZP605 and OZP61 as-sintered ceramics

include a few segregated phases composed of Pr6O11, PrO2

and uncertain Pr4O7. Here, uncertain phase may be the

complex composed of PrOx with defect fluorite structure

originating in multi phase transformations [26, 27].

For Pr doped ZnO ceramics (P–ZnO), Ohashi et al.,

reported that both effective charge of Pr-ion and crystalline

form of PrOx are changed with oxygen partial pressure

[38]. The chemical state of PrOx as well as the coordination

structure in GB region are modified by thermal treatment.

Then, Pr-ion tends to be easily reduced in P–ZnO than in

Fig. 4 The temperature dependence of q at 2nd-cycle and 9th-cycle

for (a) AZN and (b) OZN
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pure PrOx. Reference [38] allows us to get the correspon-

dence between x in PrOx and n in Prn+ by using Fig. 4 in

Ref. [38]. For example, PrO1.5 (Pr2O3) is Pr3.0+, PrO1.75

(Pr4O7) is Pr3.5+, Pr01.83 (Pr6O11) is Pr3.78+, and PrO2.0

(PrO2) is Pr4.0+, respectively. Thus, in case of samples

doped with Pr2O3, Pr-ion with n = 3–3.78 might mainly

dominate PrOx in the vicinity of GB. While in case of

samples doped with Pr6O11, Pr-ion with n = 3.5–4 might

mainly dominate PrOx in vicinity of GB. In view of XRD

results as listed in Table 1, the tendency seems to be much

stronger in samples sintered in oxygen than in air.

Hence, we can consider that change in q of both

OZP605 and OZP61 is obviously different from that of the

others samples because of something originating in segre-

gated PrOx including Pr-ion with n = 3.5–4. Besides,

samples including Pr-ion with n = 3–3.78 in vicinity of GB

can show the maximum of q between 500 K and 667 K. Pr

content dependence of the q increase at maximum supports

this suggestion.

The appearance of q maximum

Except for both OZP605 and OZP61, the other doped

samples show the maximum of q by 9th-cycle, although all

samples sintered in air does not show at 2nd-cycle. The

appearance of q maximum seems to relate with the con-

centration dependence of defects or the complex that can

affect the electrical properties. As mentioned above, the

origin of such defects or the complex should be related

Fig. 5 The temperature

dependence of q at 2nd-cycle

and 9th-cycle for (a) AZP605,

(b) OZP605, (c) AZP61 and (d)

OZP61

Fig. 6 The temperature dependence of q for AZP205 and AZP605 at

6th-cycle-heating and that for AZP21 and AZP61 at 3rd-cycle-

heating
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with Pr-ion in vicinity of GB. Figure 6 shows the tem-

perature dependence of q for samples sintered in air at 3rd-

cycle and 6th-cycle, where we can identify the initial

appearance of q maximum. The Pr 0.5 mol% doped sam-

ples show the maximum at 6th-cycle, and the Pr 1 mol%

doped samples show the maximum at 3rd-cycle. The

appearance of q maximum depends on the Pr content in

samples.

Chun et al., have suggested that both mass transport and

the GB formation behaviors in ZnO–Pr–Co system

ceramics are strongly affected by firing atmosphere and

temperature; In N2, large Pr segregates are shown on the

surface of fired ZnO because large vaporization of ZnO is

occurred at the surface. On the other hand, In O2, small Pr

segregates are shown on the surface of fired ZnO because

large vaporization of Pr was occurred at the surface [39],

where their samples were sintered at high temperature

between 1473 K and 1773 K. Their experimental result

supports that there is difference in the initial appearance of

q maximum in our samples, that is, there is difference in

the concentration of both Pr and the related-defect com-

plexes originating in enhanced VZn with acceptor-like in

vicinity of GB [17–20].

Hence, the concentration gradient governs the temper-

ature dependence of q in cycles for each sample, where the

change of q is stable against the change of temperature

when the chemical reactions inside and outside the bulk are

steady or in equilibrium.

Heat-treatment cycle dependence of q at 400 K

Figure 7 shows the heat-treatment cycle dependences of q
at 400 K on heating process of samples doped with (a)

Pr2O3 and (b) Pr6O11, respectively. In Fig. 7(a), q of all

doping samples largely decrease at 3rd, and then the degree

of decrease is smaller in 0.5 mol% doped samples than in

1 mol% doped samples. q of 0.5 mol% doped samples are

steady from 3rd, while q of 1 mol% doped samples seem to

be steady from 7th or 8th. In Fig. 7(b), q of both AZP605

and AZP61 largely decrease at 3rd, and then the degree of

decrease is smaller in AZP605 than in AZP61. q of

AZP605 are steady from 3rd, while q of AZP61 tends to

decrease slightly. In contrast, q of both OZP605 and

OZP61 tend to increase, and the degree of increase is much

larger in OZP605 than in OZP61.

The specificity of both OZP605 and OZP61 as shown in

Fig. 5 is also shown in Fig. 7(b). The dependence of q
between Pr content and the heat-treatment cycle seems to

be closely related with the dependence of q between the

concentration gradient and the temperature as shown in

Fig. 6. Hence, we can conclude that the appearance of q
maximum seems to be closely related with Pr and the

related-defect complex originating in VZn with acceptor-

like in the vicinity of the GB in particular [17–20].

Thermoelectric properties

It was confirmed that the porous ZnO:Pr ceramics had the

unique characteristic of the rho maximum with increasing

temperature. The origin of q maximum seems to associate

with the related-defect complexes originating in enhanced

VZn by the Pr doing in ZnO. Assuming that the Pr doping

affects the carrier transport in the vicinity of GB in par-

ticular, the thermo electric power might be also affected by

the Pr doing. Figure 8(a) shows the temperature depen-

dence of absolute value of a for AZN, OZN, OZP205,

AZP21 and OZP21 at 9th-cycle-heating. The absolute

value of a for AZN is the lowest in the whole temperature

range in Fig. 8(a), and as shown in Fig. 4(a), q of AZN at

9th-cycle-heating is relatively lower compared with that of

the other samples. On the other hand, the absolute value of

a for OZP205 is higher than that for AZN in Fig. 8(a),

although q of OZP205 at 9th-cycle-heaing in Fig. 3(b) is

lower that that of AZN. The relationship between a and q
for OZP205 is against the expression of thermoelectric

power for the semiconductor generally expressed by

a ¼ k

e

5

2
þ cþ ln

2ð2pmkTÞ3=2

nh3

( ) !
: ð1Þ

where k is the Boltzmann constant, c is the d(ln s)/d(ln E)

as the scattering relaxation time of carrier s, m is the

effective mass of carrier, n is the density of carrier, and h is

Plank constant [40]. The a is getting larger with lower

density of carrier or heavier effective mass. Hence, in case

of larger a for OZP205 in particular, it is considered that

the enhanced related-defect complexes by the Pr doing and

Pr itself let effective mass of carrier in the vicinity of GB to

get heavy, or the result of combinations of the different

phases.

Thermoelectric properties were often evaluated by using

power factor P(= a2 / q) which indicates the electrical

power generation capability in common materials. As the

result of thermoelectric measurements, OZP205 had the

largest value of P in the whole range among all samples.

Figure 8(b) shows the temperature dependence of P for

AZN, OZN, OZP205, AZP21 and OZP21 at 9th-cycle-

heating. In Fig. 8(b), P of OZP205 is one order of mag-

nitude at 400 K larger than that of AZN and OZN, where

the absolute value of a in the whole range is large in the

order of OZN, OZP205, and AZN as shown in Fig. 8 (a). q
of OZP205 is the lowest in the whole temperature range,

and the degree of q change in the measurement temperature

range is also the lowest among all samples as shown in

J Mater Sci (2008) 43:368–377 375

123



Fig. 3(b). Moreover, the low as well as stable q in the

whole range is still obtained through the repeated heat-

treatment measurement as shown in Fig. 7(a). This result

for OZP205 about q is noticeable in view of thermoelectric

properties improved. Because high P, low q and low

thermal conductivity (j) are required in order to achieve

high performance on thermoelectric power. However, the

value of P for OZP205 in this work is still poor for ther-

moelectric power. For example, NaCo2O4 shows P = 50 ·
10–6 W/K2cm at 300 K, and this P is comparable to a

typical thermoelectric material such as Bi2Te3 [41].

It is important that the low q can be achieved at porous

ZnO bulk doped with Pr 0.5 mol% as Pr2O3 additive. The

doping of Pr into ZnO matrix seems to be very effective in

view of modification for thermoelectric materials based on

ZnO system if the doping condition can be controlled.

Because Pr doping into ZnO matrix might brought about

low j, that is, a phonon scattering might occur at the

vicinity of GB by point defects such as both Pr-ion and the

related-defects complex. The further enhancement of high

P as well as low q might be probably achieved by thinned

amorphous film [40], and then such fabricated films might

be prospective as one of thermoelectric materials used for

infrared sensor and so on under severe condition.

On the other hand, Pr doped porous ZnO ceramics, in

particular AZP21, obtained in this work show unique

electrical property such as critical temperature coefficient

(CTR) in temperature range between 588 K and 769 K.

Hence, utilizing this property is expected to give great hope

to gas sensor materials [42, 43].

Conclusion

The low density ceramics of porous ZnO doped with Pr

(0.5 and 0.1 mol%) were prepared by sintering in air and

Fig. 7 The heat-treatment cycle dependence of q at 400 K on heating

process of samples doped with (a) Pr2O3 and (b) Pr6O11 in addition to

non-doped samples as reference

Fig. 8 (a) The temperature dependence of absolute value of a and (b)

The temperature dependence of P for AZN, OZN, OZP205, AZP21

and OZP21 at 9th-cycle-heating
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oxygen. Here, the additives were Pr6O11 known for phase

transformations and the trioxide Pr2O3 with low valence

state. It was found that obtained all samples had the

structure of ZnO lattice including a few Pr oxide crystal

phase. Then, to evaluate effects of Pr doping for thermo-

electric properties of samples, we measured q in temper-

ature range between about 313 K and about 903 K. The

temperature dependence of q for all samples except for

OZP605 and OZP21 showed the maximum at higher

temperature region around 590 K. The origin of maximum

was studied on the basis of carrier transport model on gas

sensor and varistor consisted of ZnO system. As the result,

it was suggested that the maximum as well as the change of

q was attributed to the interchange of carriers through

defect complexes closely related with VZn acceptor-like

electronic states in the vicinity of GB, where enhanced VZn

seemed to be caused by Pr in PrOx with valence state be-

tween 3+ and 3.78+ around GB. Then, the doping of Pr into

ZnO matrix is advantageous to improve thermoelectric

power.
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