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High temperature electrical and thermal transport properties, that is, electrical conductivity, Seebeck coefficient and thermal 
conductivity, of CdO ceramics have been investigated. Because of the good electrical properties and low thermal conductivity, 
the dimensionless figure-of-merit ZT of the CdO ceramics reaches 0.34 at 1023 K. This value is comparable to the best report-
ed ZT for the n-type oxide ceramic thermoelectric materials and remains as potential to be further improved by porosity con-
trolling or nanostructuring. 
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1  Introduction 

Thermoelectric (TE) systems are direct energy conversion 
devices for converting thermal flux to electric power, and 
the reverse, transforming electric power directly to pumping 
heat from a cold source to a hot heat sink. The critical factor 
to realize an efficient TE systems lies in finding good mate-
rials with high TE performance, low-cost as well as good 
chemical and thermal stability in air. The performance of a 
TE material is evaluated by the dimensionless figure of 
merit ZT=(S2σ/)T, where S, σ,  and T are the Seebeck co-
efficient, electrical conductivity, thermal conductivity and 
absolute temperatures, respectively. Therefore, good TE 
materials should possess large power factor S2σ and low 
thermal conductivity  which contains the phonon thermal 
conductivity ph and the carrier thermal conductivity e.  

According to the thermoelectric transport theories, the  

ZT at optimal doping is a function of a parameter 
* 3/2

0 ph( / ) /m m   and is found to increase monotonically 

with this parameter, where  is the carrier mobility, *m  
and m0 is the carrier effective mass and the free electron 
mass, respectively [1,2]. Thus the state-of-the-art TE mate-
rials are primarily intermetallic compounds and alloys with 
high mobility, heavy constituting elements as well as low 
Debye temperature which can lead to a low phonon thermal 
conductivity ph [3]. However, these materials often suffer 
from poor antioxidation in air, low abundance and high cost 
of the constituting elements. Oxide TE materials can over-
come these problems and therefore have attracted increasing 
attention to the TE community. In the past decade, layered 
cobalt oxides, SrTiO3 or CaMnO3-based perovskite-type 
oxides, transpararent conductive oxides (TCOs) and tetrag-
onal tungsten bronze ferroelectrics (Sr, Ba)Nb2O6δ have 
been extensively studied as promising oxide TE materials 
for high temperature applications [4–16]. Compared with 
p-type oxide TE materials, most n-type oxide TE materials  
have inferior performance because of high thermal conduc-
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tivities. For example, the maximal ZT value so far obtained 
in SrTiO3- and ZnO-based ceramics has been 0.35 and 0.47 
(~1000 K), respectively [6,13]. Therefore, searching for 
new n-type oxides with good TE performance is crucial for 
the development of oxide TE devices. 

Cadmium oxide (CdO) is a heavily doped semiconductor 
that has high conductivity because of a large number of do-
nor impurities which are thought to be either Cd interstitials 
or oxygen vacancies [17]. CdO is usually used as a trans-
parent conductive material for photoelectric devices and 
there have been many reports on the optical and electrical 
properties. Compared with ZnO, CdO has the similar carrier 
effective mass m*, but higher carrier mobility, heavier con-
stituting elements and lower Debye temperature [18]. These 
attractive features indicate CdO might show a good TE 
performance. However, there are few reports on the TE 
properties of CdO, particularly on high temperature TE 
properties. Recently, we reported on the TE performace of 
porous Er-doped CdO ceramics fabricated through resolving 
metal Cd (99.8%) in nitric acid and a reasonable ZT of 0.2 
was obtained in the 0.5% doped sample at 723 K [19]. 
Herein we investigated the high temperature TE properties 
of dense CdO ceramics sintered by commercial CdO pow-
ders (Alfa Aesar) and gave more focus to understanding the 
electrical and thermal transport mechanisms of the samples. 
We attain a high ZT of about 0.34 at 1023 K in the dense 
CdO ceramics. This value is comparable to the best ZT re-
ported so far for the n-type oxide ceramic TE materials and 
appears to have potential to be further improved by porosity 
controlling or nanostructuring.  

2  Experimental 

The CdO ceramics were synthesized by the conventional 
solid state reaction technique. The commercial CdO powder 
(99.95%, Alfa Aesar) was used as the starting material. Af-
ter grinding, they were compacted in pellets at 10 MPa and 
then sintered in air at 800oC for 20 h in a furnace. Table 1 
lists the density and the main transport parameters of a CdO 
ceramic sample measured at room temperature. The density 
was determined by the Archimedes method. The carrier 
concentration n and carrier mobility  were measured by 
using Van Der Pauw method. The electrical resistivity  and 
Seebeck coefficient S were simultaneously measured by the 
standard dc four-probe technique with a LSR-3 measure-
ment system (Linseis, Germany) in a low-pressure helium 
atmosphere. The thermal conductivity  was calculated 
from the density d, specific heat capacity Cp, and thermal  

diffusivity D values according to the equation =DCpd, 
here Cp was measured using a differential scanning calo-
rimeter (Netzsch DSC200F3) and D was measured using the 
laser flash technique on LFA457 system (Netzsch, Germa-
ny). The structure of the sample was examined by powder 
X-ray diffraction (XRD) analysis with Cu Kα radiation  
(D8, Bruke). All the peaks in the XRD pattern, shown in 
Figure 1, can be indexed to CdO with space group Fm 3 m 
(PDF#780653). The inset of Figure 1 presents the scanning 
electron microscopy (SEM) image from the fractured 
cross-section of the CdO sample. It consists of large and 
dense-packed grains with size between 2 μm and 6 μm.  

3  Results and discussion 

The -T curve shown in Figure 2(a) reveals that the resistiv-
ity increases with increasing temperature, reaches the 
maximumal value at around 923 K and then decreases. This 
-T behavior has been observed in many other heavily 
doped semiconductors and can be explained in the follow-
ing manner. In extrinsic temperature regime with lower 
temperatures, the number of thermally excited charge carri-
ers is very small and the electrical conductivity is primarily 
determined by the extrinsic carriers. As the temperature 
increases, the thermally excited intrinsic carriers across the 
energy gap can not be ignored and thus commence to con-
tribute to the resistivity, within intrinsic temperature regime 
with higher temperatures, then the number of thermally ex-
cited intrinsic carriers will exceed that of the extrinsic carri-
ers and subsequently leads to the intrinsic conduction be-
coming predominate [20]. Moreover, the resistivity in the  

 
Figure 1  XRD -2 scanning pattern of the CdO ceramic sample. The 
inset is the cross-sectional SEM micrograph of the sample. 

Table 1  Room temperature Density (d), carrier concentration (n), Hall mobility (), resistivity (), Seebeck coefficient (S), thermal conductivity () for the 
present CdO ceramic sample 

CdO d (g/cm3) n (1019 cm3)  (cm2/(V s))  ( m) S (V/K)  (W/(m K)) 

 8.0 2.5 148.0 16.9 76.0 8.1 
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Figure 2  (Color online) Temperature dependence of (a) resistivity ρ and 
(b) Seebeck coefficient S and (c) power factor S2/ρ of the CdO ceramic 
sample. The solid line of (a) reveals that the resistivity ρ increases propor-
tionally to T1.5 below 923 K and the open square in (b) represents the theo-
retical calculation for acoustic phonon scattering of electrons =1/2. 

extrinsic regime (T<923 K), where the charge carrier densi-
ty is nearly independent of temperature, which exhibits a 
strong temperature dependence in the form of T1.5, sug-
gesting the acoustic phonon scattering is the dominant car-
rier scattering mechanism for the present CdO sample in 
this temperature range [21]. 

Figure 2(b) presents the corresponding S-T curve of the 
same CdO sample. The sign of S was negative, indicating an 
n-type conducting. The absolute value of the Seebeck coef-

ficient, |S|, increases with increasing temperature in the ex-
trinsic region and then decreases because of the contribution 
of the thermally excited carrier. We have theoretically cal-
culated S according to the the following equations [22]: 
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where kB is the Boltzmann constant, r is the scattering pa-
rameter of relaxation time and r=1/2 for the acoustic pho-
nons scattering obtained by fitting the electrical resistivity 
data,   is reduced Fermi energy, Fr is the Fermi integral, 

m* is the carrier effective mass, and h is the Plank constant, 
respectively. Our experimental measured Seebeck coeffi-
cient Sexp is in good agreement with the calculated Seebeck 
coefficient Scal in the extrinsic region and the departure of 
the Sexp from the Scal is because of the contribution of the 
thermally excited carrier. Moreover, the carrier effective 
mass of CdO estimated from eqs. (1)–(3) is about 0.27m0 
(m0 is the free electron mass), which is coincident well with 
the value recently obtained in epitaxial CdO thin films [23].  

At room temperature, the CdO sample has a thermal 
conductivity  of about 8 W/(m K) (Figure 3(a)), which is 
more than 7-fold lower than that of ZnO ceramics and is 
comparable to that of nanostructured ZnO bulks [14,15]. 
The low thermal conductivity  in CdO is suggested to be 
related to the heavy constituting elements as well as low 
Debye temperature, which will result in a small phonon 
thermal conductivity ph and therefore a small total thermal 
conductivity . At the highest measured temperature of 
1023 K, the  of the sample is about 3.3 W/(m K), which is 
comparable to the Al-Ga dually doped ZnO [13]. The in-
verse thermal conductivity 1/ as a function of the temper-
ature plotted in the inset of Figure 3(a) shows an excellent 
linearity in the extrinsic region (T<923 K), suggesting that 
the thermal transport is dominated by the Umklapp process 
between the phonons in this temperature range [12]. This 
suggestion is further confirmed by predominated proportion 
of the phonon thermal conductivity shown in Figure 3(b), 
which is calculated from the overall  by subtracting the 
electron thermal conductivity e and e is estimated by the 
Wiedemann-Franz law e=L0Tσ with the Lorentz number 
L0=2.45108 V2 K2.   

The temperature variations of the calculated ZT value of 
the CdO sample is shown in Figure 4. At the highest measured  
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Figure 3  (Color online) Temperature dependence of (a) thermal conduc-
tivity  and (b) phonon thermal conductivity ph and electron thermal con-
ductivity e of the CdO ceramic sample. The inset of (a) shows inverse 
thermal conductivity 1/ as a function of the temperature below 923 K and 
the solid line is guide for eye. 

 
Figure 4  Temperature dependence of ZT for the CdO ceramic sample. 

temperature of 1023 K, the ZT is about 0.34. To test the 
reproducibility of our results, we have measured several 
CdO samples sintered with same conditions and an almost 
consistent peak ZT value was obtained at 1023 K. This ZT 
value is comparable to that reported for the best n-type ox-
ide ceramic TE materials and still has potential to be further 

improved by porosity controlling or nanostructuring. For 
example, we are experimenting with the porous CdO ce-
ramics and a ZT of 0.45 has been achieved at 1023 K in the 
best sample. 

4  Conclusion 

We have investigated the high temperature electrical and 
thermal transport properties of dense CdO ceramics. A high 
ZT of 0.34 can be achieved in such dense samples at 1023 K 
because of the good electrical properties and low thermal 
conductivity. Further improvement in ZT is possible by 
nanostrctureing or porosity controlling. Our research de-          
monstrates that CdO show a promising TE performance 
besides the good electrical and optical properties. 
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