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The rare earths doped Ca0.95RE0.05MnO3 (RE=Pr, Eu, Tb) oxide bulk materials are fabricated and the effects of rare 

earths doping within low content on the thermoelectric transport properties of the CaMnO3 oxide have been investigated. 

The results show that all doped oxide bulk materials are single phase with consolidated microstructure. The electrical 

resistivity is remarkably reduced on account of electron carrier density and mobility enhancement. The Seebeck coefficient 

is simultaneously reduced and the total thermal conductivity is decreased due to phonon thermal conduction confinement. 

The thermoelectric figure of merit ZT is improved with peak values of 0.12, 0.12 and 0.09 at 973 K for the Pr, Eu and Tb 

doped CaMnO3 oxide materials, respectively, which are very much higher than that of the undoped oxide material. 
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1 Introduction 

 Thermoelectric (TE) materials can convert heat 

energy into electrical energy directly
1-4

. They have 

many potential application areas for converting 

various kinds of heat energy into electricity, including 

solar heat, geothermal heat and the exhaust heat of 

automobiles. They have been receiving continuous 

attention due to the energy crisis worldwide during 

the past years for their advantages of solid-state 

operation, vast scalability, zero emissions, no 

maintenance and long lifetime. The performance of a 

TE material is evaluated by the following function as:  
 

ZT=α2
T/�κ   …(1) 

 

where � is Seebeck coefficient, ρ the electrical 

resistivity, κ the total thermal conductivity, T the 

absolute temperature and ZT is the dimensionless 

figure of merit, respectively
2-4

. Good TE materials 

should have simultaneously high Seebeck coefficient 

α, low resistivity � and thermal conductivity κ in 

order to achieve a considerably high dimensionless 

figure of merit ZT. Great development has been 

achieved for some alloys-based TE materials, such as 

the tellurides
3-6

, antimonides
3,4

, skutterudites
7
, 

silicides
8
, clathrates

9
and half-Heusler alloys

7
. The 

tellurides and antimonides have been regarded as the 

most prospective TE materials; they have ZT value of 

unit near room temperature. Unfortunately, the high 

cost, instability and toxicity of these materials are 

inevitable problems for high temperature 

application
10

. Oxide based TE materials are being 

paid more and more attention in recent years for their 

cheap raw materials, easy fabrication and anti-

atmospheric-induced decomposition characteristics. 

The transition metal oxide materials have received 

increasingly much attention for their potential TE 

properties and other physical phenomena
10-14

. Among 

these type of oxide materials, the transition metal 

oxide CaMnO3 exhibits sensitively tunable resistivity, 

relatively low thermal conductivity and high Seebeck 

coefficient
12,13

 (��300K��350 �·V·K
−1

). It has been 

the hotspot within TE fields during the past decade 

due to its potential performance and application in 

energy conversion areas such as waste heat power 

generation and heat collection in industry production 

process
14-16

. An averaged ZT value of 1.15 at 1000 K 

is theoretically obtained for the single crystal 

material, predicting its greatly potential applications. 

However, the TE performance of polycrystalline 
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CaMnO3 material is relatively low (ZT�0.5); much 

work should be done to improve the TE property of 

the polycrystalline CaMnO3 oxide material. 

 The dimensionless figure of merit ZT is a combined 

function of electrical transport parameters and thermal 

transport parameters such as carrier concentration, 

carrier mobility, the type of carrier, as well as the 

vibrational mode, phonon mean free path, phonon 

density of states and scattering mechanism. These 

parameters are not independent; they are closely 

correlated to each other. Doping is proved to be a 

successful way tuning these parameters
17-20

. It has 

been verified that the electrical and thermal transport 

properties can be successfully optimized
14,16,19,20

 by 

doping for Ca and the figure of merit ZT can thus be 

enhanced.  

 The rare earths doping for Ca should theoretically 

introduce electron carriers in the CaMnO3 system. 

Secondly, the rare earths have high atomic mass and 

comparable ionic radius with Ca, the rare earths 

doping for Ca should lower the phonon mean free 

path and the velocity, this is favourable for reducing 

the phonon thermal conductivity. It is hopefully 

estimated that the rare earths doping for Ca should 

optimize the electrical and thermal properties, 

thereafter an elevated figure of merit ZT can be 

obtained. It has been verified within former works 

that the electrical and thermal transport properties 

were successfully tuned, the TE performance was 

indeed improved by rare earths doping. A ZT of 0.16 

at 1100 K was reported for the Pr doped CaMnO3 

oxide materials at a lower content
21

, indicating that 

the rare earths doping for Ca within low content 

should optimize the TE properties of the titled system. 

At the same time, the nitrates of Pr, Eu and Te are 

relatively cheap and they can be easily prepared. In 

order to systematically investigate the effects of serial 

rare earths doping within lower content on TE 

properties of the CaMnO3 oxide material systems, the 

rare earths Pr, Eu and Tb doped polycrystalline 

Ca0.95RE0.05MnO3 (RE=Pr, Eu, Tb) oxide material 

samples are prepared in the present work. The effects 

of rare earths doping for Ca within lower content on 

TE transport properties of CaMnO3 oxide material 

system have been systematically studied. 

 
2 Experimental Details 

 The rare earths doped Ca0.95RE0.05MnO3 (RE=Pr, 

Eu, Tb) oxide bulk materials were prepared by citrate 

acid sol-gel reaction and modified ceramics 

preparation method. Stoichiometric ratios of highly 

pure nitrates of Ca, Pr, Eu, Tb and Mn were dissolved 

in distilled water and the citric acid was added in the 

aqueous solution. The solution was continuously 

mixed and heated at 360K for 15h in order to form the 

precursor gel. The gel was firstly dried at 428 K for 

48h in air to evaporate the excessive water, and then 

the resulting gel was dried at 473 K for 12 h to allow 

for full inflation. Then, the dried gel was finely 

ground and calcined at 1173 K for 8h to remove 

excess organic compounds and get the 

Ca0.95RE0.05MnO3(RE=Pr, Eu, Tb) ceramic powder. 

Then the powder was finely ground and pressed into 

platelets under a uniaxial pressure of 500MPa. 

Finally, the pressed platelets were heated slowly to 

the temperature of 1473 K in air at the heating rate of 

10K/min and the specimens were maintained at  

1473 K for 12 h. Then the specimens were subjected 

to furnace cooling from 1473 K to room temperature. 

The specimens were subjected to flowing air in 

atmospheric pressure during the bulk specimen 

preparation process. 

 The phase compositions of bulk specimens were 

analyzed by X-ray diffraction (XRD) at room 

temperature on a Rigaku diffractometor with CuK� 

radiation in a 2 theta range 20°~85°, with steps of 

0.02°(2�) and a time per step of 1s. The microscopic 

image of the bulk specimens was obtained with the 

scanning electron microscope (SEM) using secondary 

electron mode by Nova NanoSEM operated at 18KV. 

The electrical resistivity and Seebeck coefficient were 

measured in He atmosphere from room temperature 

up to 1000 K using a conventional dc standard four-

probe method on ULVAC ZEM-2 system. The 

thermoelectric potential difference �E was measured 

for an applied temperature difference �T of 20 K to 

40 K. The Seebeck coefficient � was obtained from 

the slope of �E versus �T. The specific heat capacity 

C and thermal diffusivity � were measured in He 

atmosphere by the laser flash technique on ULVAC-

RIKO TC-7000 system. The density d was measured 

by Archimedes method. Then the total thermal 

conductivity � was calculated by �=dC�. The Hall 

coefficients RH of the bulk samples were measured at 

room temperature using an integrated property 

measurement system (PPMS-9) at a magnetic field of 

0.1T controlled by liquid-nitrogen cooling and a 

microcavity sample heater. The carrier density n was 

obtained using the formula Ne = 1/eRH (where e is the 

charge of the electron). 
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3 Results and Discussion 
 

3.1 Bulk Material Phase Composition 

 The room temperature XRD patterns of the rare 

earths doped Ca0.95RE0.05MnO3 (RE=Pr, Eu, Tb) oxide 

bulk materials are shown in Fig. 1. The reflections 

observed for all oxide materials can be well indexed 

in perovskite type CaMnO3 by comparing with 

CaMnO3 (JCPDS card No. 50-1746), indicating that  
 

 
 

Fig. 1 — XRD patterns of all the oxide bulk materials 

the orthorhombic type compound solid solutions with 

pnma symmetry are formed for all oxide materials.  

 
3.2 Bulk Material Microstructure 

 Figure 2 shows the fractured cross-section SEM 

images for all bulk materials. Since the preparation 

procedure is the same and parallel, the evaluation of 

all the bulk materials is reasonable. It is observed that 

all the bulk specimens have consolidated 

microstructures, with a few porosities at the 

boundaries of the Ca0.95RE0.05MnO3 grains. The 

measured densities are 4.22, 4.33 and 4.35 g.cm
3
 for 

the Pr, Eu and Tb doped bulk materials, respectively, 

which are roughly higher than that of the undoped 

samples 4.18 g.cm
3
. They show similar compact bulk 

microstructures, and the relationship between 

microstructures and dopants is weak.  
 
3.3 Electrical Properties 

 The electrical resistivity �, Seebeck coefficient � 

and power factor P as a function of temperature for 

the rare earths doped Ca0.95RE0.05MnO3 (RE=Pr, Eu, 

Tb) oxide materials are shown in Fig. 3. It could be 

observed that the electrical resistivity is sensitively 

modulated by rare earths doping. The resistivity for 

 
 

Fig. 2 — Fractured cross-section SEM images of the un-doped and doped Ca0.95RE0.05MnO3 (RE=Pr, Eu, Tb) oxide bulk materials 
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the undoped sample is relatively high and it decreases 

with increasing temperature, indicating its 

semiconductor nature. The resistivity of the rare 

earths doped samples is notably decreased and it is 

also decreased with increasing temperature. For 

instance, the resistivity at 373 K is 350.1×10
−5�.m for 

the undoped CaMnO3 sample, it is decreased to 

18.3×10
−5�.m, 23.8×10

−5�.m and 24.6×10
-5�.m for 

the Pr, Eu as well as the Te doped samples, 

respectively. The CaMnO3 system has theoretically an 

indirect band gap
21,22

 of 0.7eV, the resistivity � for a 

semiconductor system can be expressed according to 

the following equation: 
 

1

ne
ρ

µ
∝    …(2) 

 

where the n is carrier density, e the elementary charge 

and � is mobility
23.

 The main carriers for 

orthorhombic CaMnO3 oxide are electrons, doping 

with rare earths for Ca site should contribute electron 

carriers into the system, the carrier density n would be 

enhanced, thus the resistivity is decreased. This 

phenomenon can also be explained by associating 

with the electronic structure according to:  

Table1 — Resistivity � at 373 K and room temperature carrier 

density n and mobility � of all the oxide bulk materials 

 
RE p/10−5Ωm n/1019 cm−3 µ/cm2/Vs 

 

Ca 350.1 1.02 2.8 
Pr 18.3 1.28 7.0 
Eu 23.8 1.25 6.1 
Tb 24.6 1.13 5.8 

 

0
0

( )
exp F F

B

E E
n n

k T

� �−
∝ � �

� �
   …(3) 

 

where n0 and EF0 are the carrier density and Fermi 

level of the undoped sample, EF  the Fermi level of 

the doped sample, kB Boltzman constant and the T is 

the temperature. The Fermi level can be shifted 

towards the conduction band by electron donor 

doping, thus the carrier density n is larger than that of 

the undoped sample. In order to validate the 

theoretical estimation, Table 1 presents the resistivity 

at 373 K, the measured room temperature carrier 

concentration n and mobility � for all samples. It is 

obviously shown that the carrier concentration n is 

increased; the mobility � is also enhanced. For 

instance, the n is increased from 1.02×10
19

 cm
−3

 of the 

 
 

Fig. 3 — Electrical resistivity �, ln (�/T) versus 1/T, Seebeck coefficient � and power factor P as a function of temperature of all the oxide 

bulk materials 
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undoped sample to 1.28×10
19

 cm
−3

 of the Pr doped 

sample. At the same time, the � is increased from  

2.8 cm
2
/Vs of the undoped sample to 7.0 cm

2
/Vs of 

the Pr doped sample. The resistivity of the CaMnO3 is 

decreased on account of increased electron carrier 

concentration and the enhanced mobility
24

.  

 There are several models describing the transport 

behaviour of the oxide materials. Energies for 

localized carriers to motivate as moving carriers are 

important and these deserve investigations. In the 

present work, the temperature dependence of 

electrical resistivity � for the titled oxide material 

system can be simulated by the small polaron model 

according to the transport theory proposed by Mott 

expressed as: 
 

�(T)� C T exp(Ea/kBT)   …(4) 
 

where Ea is the activation energy of the polarons, kB 

the Boltzman constant, T is the absolute temperature, 

and the C could be regarded as a constant
12,13

. Figure 3 

shows that the plots of ln (�/T) versus 1/T for all 

samples lie on the straight lines within the whole 

temperature region; this verifies the applicability of 

the transport model. By calculating the slopes of the 

linear fit of ln (�/T) versus 1/T, the activation energy 

Ea of the polarons can be obtained. The value Ea is 

decreased from 0.09eV of the undoped CaMnO3 to 

approximately 0.07eV of the doped samples. This 

corresponds to the modified electronic structure of the 

doped oxide materials. New energy bands should be 

generated within the band gap by the donor doping
27

. 

The energy for carriers to hop is lowered and the 

resistivity is decreased. 

 The Seebeck coefficient α values for all the 

samples are negative, confirming that the electron 

carriers are dominant for the titled oxide material 

system. The absolute value of Seebeck coefficient of 

the undoped sample is relatively high and it decreases 

with increasing temperature, in agreement with its 

electrical resistivity behaviour which is related to the 

low carrier concentration and semiconductor nature of 

the undoped CaMnO3 oxide system. The absolute 

values of Seebeck coefficients for the rare earths 

doped samples are notably decreased comparing with 

the undoped sample within the whole measuring 

temperature region. This phenomenon can be 

explained by the changed carrier concentration and 

mobility. The absolute value of Seebeck coefficient 

for the CaMnO3 oxide can be regarded as a function 

of the carrier concentration n and the carrier mobility �: 

22 1 ( ) 1 ln ( )

3 ( ) ( )
F

B

E E

k T dn E d E
a

q n d E d E

π µ

µ
=

� � � �
∝ +� � � �

� �� �
  …(5) 

 

where n, �, n(E), �(E), kB and EF are carrier 

concentration, mobility, energy correlated carrier 

concentration, energy correlated carrier mobility, 

Boltzmann constant and Fermi energy, respectively
28

. 

The formula consists of two terms, the value of the 

first term n is carrier concentration and the second 

term � is the mobility. The rare earths doping 

increases the carrier concentration n and the mobility 

� at the same time, therefore, the Seebeck coefficient 

is decreased. It can also be observed that the absolute 

values of Seebeck coefficients for the rare earths 

doped samples are increased with increasing 

temperature. The absolute value of Seebeck 

coefficient as a function of temperature for the 

semiconductor materials system could be expressed as 

follows: 
 

2/3* 2

2

1Bm k
a T

h n

� �
∝ 	 


� �
   …(6) 

 

where m* and h are the effective mass of the carriers 

and the Planck constant, respectively
7,11

. The doped 

sample shows good agreement with the model that the 

Seebeck coefficient is enhanced with increasing 

temperature. The absolute value of Seebeck 

coefficient for the rare earths doped oxide materials is 

decreased. This is a well explanation that the Seebeck 

coefficient is a reverse function of carrier 

concentration n. 

 Figure 3 shows that the undoped sample exhibits 

very low power factor on accounts of its high 

resistivity. The power factors of doped oxide samples 

are higher than that of the undoped oxide system, they 

reach 2500×10−7
, 2755×10

−7
 and 1750×10

−7
Wm

−1
K

−2
 

at 973 K for the Pr, Eu and Tb doped systems, 

respectively. It can also be seen that the power factor 

P for doped samples is increased remarkably with 

increasing temperature and the P value could be even 

higher at higher temperature, indicating the rapidly 

enhanced electrical performance with increasing 

temperature. 

 
3.4 Thermal Transport Properties 

 Figure 4 shows the measured thermal conductivity 

k. It is obvious that the κ values for the rare earths 

doped Ca0.95RE0.05MnO3 (RE=Pr, Eu, Tb) oxide 

materials are considerably lower than that of the 
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undoped material. The total thermal conductivity is 

regarded as composing of the carrier thermal 

conductivity term ke and the phonon thermal 

conductivity term kL. The total thermal conductivity is 

mainly composed of the phonon thermal conductivity 

for the titled oxide material system
14,16,21

. The phonon 

thermal conductivity kL for crystalline phase material 

is a function of heat capacity cv, phonon mean free 

path λL and phonon velocity v expressed
26,27

 as: 

 

L v Lk c νλ∝    …(7) 

 

 The phonon mean free path λL can be lowered by 

heavy elements doping, the density of high frequency 

optical phonon modes should also be decreased which 

leads to the decrease of phonons that carries heat 

effectively
27,29

. The suppression of thermal conductivity 

can be explained by that the phonon mean free path λL 

is made much more finite and the velocity v is made 

lower through heavy elements doping, the vibration 

modes that carry heat efficiently are decreased, and 

therefore the thermal conductivity is reduced.  

 
3.5 Figure of Merit, ZT 

 Figure 4 shows the dimensionless figure of merit 

ZT value as a function of temperature for all the oxide 

material systems. The ZT values increase with 

increasing temperature, indicating their potential 

application within high temperature region. The ZT 

values for doped systems are very much higher than 

that of the undoped system, reaching peak values of 

0.12, 0.12 and 0.09 at 973 K for the Pr, Eu and Tb 

doped CaMnO3 oxide materials, respectively. 

Secondly, the ZT values for doped materials increase 

much more rapidly with increasing temperature by 

comparing with the undoped material. The TE 

performance should be even higher at higher 

temperature above 973 K for rare earths doped 

material systems (Fig. 5).  

 
4 Conclusions 

 The TE transport properties of the rare earths doped 

Ca0.95RE0.05MnO3 (RE=Pr, Eu, Tb) oxide materials 

have been studied. All oxide materials are found to be 

single phase in orthorhombic symmetry. The  

bulk materials show consolidated microstructures, 

with existence of small porosities. The electrical 

resistivity is decreased remarkably by rare earths 

doping as a result of carrier density and mobility 

enhancement and the Seebeck coefficient is 

deteriorated at the same time. The thermal 

conductivity is reduced considerably, the TE 

performance is improved with peak ZT values of 0.12, 

0.12 and 0.09 at 973 K for the Pr, Eu and Tb doped 

CaMnO3 oxide materials, respectively, which are very 

much higher than that of the undoped material. The 

present investigation verified that the rare earths 

doping within low content is indeed an effective way 

for improving TE performance of the CaMnO3 oxide 

material system. 
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Fig. 4 — Thermal conductivity � as a function of temperature of 

all the oxide bulk materials 

 

 
 

Fig. 5 — Figure of merit ZT as a function of temperature of all the 

oxide bulk materials 
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