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Abstract P-type Ba8Ga16?xZn3Ge27-x (x = 0.1, 0.2, 0.3,

and 0.4) type-I clathrates were synthesized by combining

solid-state reaction with spark plasma sintering (SPS) tech-

nology. The effects of slight increase of Ga content on

thermoelectric properties have been investigated. The results

show that at room temperature the carrier concentration Np of

p-type Ba8Ga16?xZn3Ge27-x clathrates increases remark-

ably compared with that of Ba8Ga16Zn3Ge27 compound,

which results in the increases of electrical conductivity

although carrier mobility lH slightly decreases. The thermal

conductivity j of all samples increases with the increase of

Ga content. Ba8Ga16.2Zn3Ge26.8 compound exhibits the

highest ZT value of 0.43 at 700 K, which is increased by 13%

compared with that of Ba8Ga16Zn3Ge27 compound.

Introduction

The performance of thermoelectric materials is usually

evaluated by using the dimensionless thermoelectric figure

of merit (ZT) defined as ZT ¼ a2rT=j; where a, r, j, and T

are the Seebeck coefficient, electrical conductivity, thermal

conductivity, and absolute temperature, respectively. Type-

I clathrate compounds, such as Ba8Ga16Ge30, Sr8Ga16Ge30,

and Eu8Ga16Ge30 [1–3] have been investigated intensively

in recent years as promising thermoelectric materials due to

their high electrical conductivity, large Seebeck coefficient,

and low thermal conductivity.

Recently, the results of works investigated on Ge-based

clathrates [2, 4–13] reveal that n-type Ge-based clathrates

behave in a relatively higher ZT value compared with that

of p-type clathrate [14–20]. However, the very low ther-

moelectric performance of p-type clathrate restricts its

practical application. In our former work, Zn-doping p-type

Ba8Ga16ZnxGe30-x (x = 2.4, 2.6, 2.8, 3.0, 3.2) type-I

clathrates have been synthesized successfully [21]. The

results reveal that these compounds exhibit relatively

higher Seebeck coefficient, and a maximum ZT of 0.38 is

obtained for Ba8Ga16Zn3Ge27 compound, but the ZT value

is relatively low due to the lower carrier concentration.

Some research results [1, 22, 23] reveal that in Ge-based

type-I clathrates, the Ga/Ge ratio can effect their thermo-

electric transport properties remarkably. In this study, the

thermoelectric performance of Zn-doping p-type Ge-based

clathrate can be improved by slightly increasing Ga con-

tent, and the effects of Ga content on thermoelectric

transport properties are investigated in order to develop

high thermoelectric performance p-type clathrate.

Experimental details

Ge-based p-type Ba8Ga16?xZn3Ge27-x (x = 0.1, 0.2, 0.3,

and 0.4) type-I clathrates were synthesized by combining

solid-state reaction with spark plasma sintering (SPS)

method. Stoichiometric amount of highly pure Ge (grain,

99.99%), Ga (ingot, 99.99%), Ba (ingot, 99.9%, Ba = 8.3,

in order to compensate the loss during reaction), and Zn

(grain, 99.99%) were placed in a graphite layer coated
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quartz tube. Then the quartz tube was sealed under the

pressure of 1.0 9 10-2 Pa and was put into melting fur-

nace. The sealed quartz tube was heated slowly to the

temperature of 1,273 K at the heating rate of 5 K/min and

was maintained at this temperature for 10 h, and then it

was cooled in the furnace to the room temperature, The

bulk samples with nearly 98% relative density were

obtained by SPS with the sintering pressure, sintering

temperature, and sintering time as 40 MPa, 1,023 K and

10 min, respectively. The constituent phase was charac-

terized by X-ray diffraction (XRD, PANalytical X’Pert Pro

X-ray diffraction). The morphology and element content

was characterized by the back scattered electron imaging

(BSI, JSM-5610LV) and electron probe microanalysis

(EPMA, JXA8800). The Hall coefficient (RH) under the

room temperature was measured by Accent HL5500PC

system using van der Pauw method. Electrical conductivity

(r) and Seebeck coefficient (a) were measured simulta-

neously using ZEM-1 apparatus in the temperature range

from 300 to 870 K. The thermal conductivity j in the

temperature range from 300 K to 870 K was calculated

from the equation of j = D 9 Cp 9 d, where d is the

density of the sample, the thermal diffusivity D and spe-

cific heat Cp were measured by a laser flash method

(Shinkuriko: TC-7000).

Results and discussion

The composition and structure of samples

X-ray diffraction patterns of sample with x = 0.4 before

SPS and after SPS are shown in Fig. 1 and the index

parameters of crystal plane are also denoted. It can be seen

from Fig. 1 that the XRD spectrum is a typical spectrum of

single cubic structure with space group pm�3n, indicating

that the prepared samples are type-I clathrates.

To further study the microstructure of sample, the BSI

analysis and EPMA are carried out. Figure 2 shows the BSI

morphology (a) and EPMA spectrum (b) of a sample with

x = 0.4 after SPS. As shown in Fig. 2a, in addition to type-

I clathrate, a microstructure consisting of trace Ge phase

which cannot be detected by XRD is observed in the

sample, and it can be assumed that the trace Ge cannot

affect the thermoelectric transport properties. The actual

composition of the sample is Ba7.94Ga16.37Zn2.93Ge26.11.

Electrical transport properties of p-type

Ba8Ga16?xZn3Ge27-x

In Table 1, electrical conductivity r, Hall coefficient RH

and carrier concentration Np (Np = 1/qRH, q: positive

electric charge) and actual composition obtained by

EPMA, at the room temperature, are presented for

Ba8Ga16?xZn3Ge27-x clathrates. The Hall coefficients RH

of all the samples are positive, which indicates the samples

possess p-type conduction. The carrier concentration of

p-type Ba8Ga16?xZn3Ge27-x is lower than that of n-type

Ba8Ga16Ge30 (6.8 9 1020/cm3) [2]. The carrier concentra-

tion increases with the increase of Ga content, and the

electrical conductivity increases accordingly although the

slight decrease of carrier mobility with the increase of Ga

content, especially for the sample with x = 0.1, the room

temperature carrier concentration and the room tempera-

ture electrical conductivity increase sharply compared with

Ba8Ga16Zn3Ge27 compound. From the Table 1 we can see

that in the room temperature, the difference of the carrier

concentration and the electrical conductivity between the

adjacent two samples become inconspicuous with the

increase of Ga content, indicating that it is an effective way

to improve the electrical conductivity of p-type Ge-based

clathrate by slightly increasing Ga content in a certain

range. The carrier mobility of p-type Ba8Ga16?xZn3Ge27-x

clathrates is higher than that of Ba8Ga16Ge30, Sr8Ga16Ge30,

and Eu8Ga16Ge30 n-type compound [2, 24, 25] at room

temperature due to the reduction contribution of carrier

scattering to carrier mobility caused by lower carrier con-

centration of p-type Ba8Ga16?xZn3Ge27-x clathrates.

Figure 3 shows the temperature dependence of electrical

conductivity for p-type Ba8Ga16?xZn3Ge27-x samples with

various Ga contents. The r values increase with the

increase of temperature, and reach their maximum value

at about 700 K, and then decrease with increasing

Fig. 1 XRD patterns of sample with x = 0.4 before SPS and after

SPS
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temperature. The process is followed by the increase with

the temperature further increase after reaching their mini-

mum value at about 800 K, which is a typical behavior of

impurity semiconductor. The electrical conductivity

increases with the increase of Ga content in the range of

measured temperature. The difference of the electrical

conductivity between the adjacent two samples become

inconspicuous gradually with the increase of Ga content,

which agree with the result of electrical conductivity in

room temperature. The electrical conductivity of the

sample with x = 0.4 reaches as large as 2.13 9 104 Sm-1

at about 600 K, and it is considerably enhanced compared

with that of Ba8Ga16Zn3Ge27 compound at the same tem-

perature. The temperature at which the intrinsic excitation

takes place shift to low temperature may be due to the

energy gap decrease with the increase of Ga content.

In II8III16IV30 type-I clathrate, guest atoms donate

electrons (as donor) to framework host atoms (as acceptor).

Some (or all) of the electrons donated by guest atoms can

be compensated by lone pairs formed in the cage structure

through the elements of group-III or by dangling bonds

formed around vacancies. In the present work, the lone

pairs formed in the cage structure through the elements of

group-III and group-IV increase with the increase of Ga

content, and results in the increase of the hole carrier

concentration with the increasing Ga content.

Figure 4 shows the Seebeck coefficient of p-type

Ba8Ga16?xZn3Ge27-x clathrates as a function of tempera-

ture over the range from 300 to 870 K. The Seebeck

coefficients of all samples are positive in the measured

temperature range, which agrees with the results of Hall

measurement. The value of a decreases with the increase of
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Fig. 2 a BSI and b EPMA spectrum of sample with x = 0.4 before

SPS

Table 1 Some room temperature properties for Ba8Ga16?xZn3Ge27-x compounds under nominal composition

Nominal composition Actual composition Electrical conductivity

r (104 S/m)

Hall coefficient

RH (cm3/C)

Carrier concentration

Np (1019/cm3)

Carrier mobility

lH (cm2/Vs)

Ba8Ga16Zn3Ge27 Ba7.94Ga15.79Zn2.93Ge26.21 0.56 ?0.873 0.716 48.9

Ba8Ga16.1Zn3Ge26.9 Ba8.07Ga16.11Zn2.91Ge26.91 1.23 ?0.243 2.53 30.1

Ba8Ga16.2Zn3Ge26.8 Ba7.98Ga16.21Zn2.95Ge26.74 1.52 ?0.189 3.27 28.7

Ba8Ga16.3Zn3Ge26.7 Ba8.03Ga16.28Zn2.98Ge26.53 1.74 ?0.143 4.31 24.9

Ba8Ga16.4Zn3Ge26.6 Ba7.94Ga16.37Zn2.93Ge26.11 1.82 ?0.128 4.84 23.2
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Fig. 3 Temperature dependence of electrical conductivity for

Ba8Ga16?xZn3Ge27-x compounds
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Ga content, and the temperature at which the Seebeck

coefficient reaches its maximum value shift to lower tem-

perature with the increase of Ga content due to the intrinsic

excitation temperature decrease with the increase of Ga

content, which is consistent with the changes of electrical

conductivity. In general, the Seebeck coefficient decreases

with the increase of carrier concentration. In this study, the

carrier concentration of the sample increases with the

increase of Ga content and consequently results in the

decrease of the Seebeck coefficient. Nolas et al. [1] found

that the effect of Ga/Ge ratio on the Seebeck coefficient a
is distinctive, the absolute value of a increases with the

increase of Ga/Ge ratio, which is opposite to our result. In

this study, the main charge carrier is hole and it increase

with the Ga/Ge ratios, but in the case of reference[1], the

main charge carrier is electron and it decrease with the

increase of Ga content, which results in the increase of a.

The Seebeck coefficients of all samples increase with the

increase of temperature and reach their maximum value at

about 700 K and then gradually decrease with the further

increase of temperature. The decrease of a in the high

temperature range (T [ 700 K) ascribes to the decreasing

of absolute value of thermal electromotive force induced

by the intrinsic excitation.

Thermal properties of Ba8Ga16?xZn3Ge27-x

Figure 5 shows the thermal conductivity j of p-type

Ba8Ga16?xZn3Ge27-x clathrates as a function of tempera-

ture. The thermal conductivity j of all samples increase

with the increase of Ga content and reach their minimum

value at about 650 K.

The thermal conductivity j can be represented by the

sum of a carrier component (jC) and a lattice component

(jL) as

j ¼ jL þ jC ð1Þ

The carrier component (jC) can be calculated using the

Wiedenann–Franz law

jC ¼ LrT; ð2Þ

where L is the Lorenz number, r is electrical conductivity,

and T is absolute temperature. L can be calculated by Fermi

level. In this study, L = 2.4 9 10-8 V2/K2 [2] is used to

calculate jC. The value jC is very small for p-type

Ba8Ga16ZnxGe27-x clathrates because of the low electrical

conductivity, and jL is a dominating part in the total

thermal conductivity j. Calculating indicates that the

variety of Ga content has no apparent influence on the

lattice thermal conductivity.

There are two kinds of cage in type-I clathrate structure,

that is, pentagonal dodecahedra cage and hexakaidecahedra

cage. The atoms vibration inside the cages cause phonon

scattering to reduce lattice thermal conductivity, and then

result in the reduction of total thermal conductivity j. The

atom displacement parameter (ADP) of atoms inside the

hexakaidecahedra cage is larger than that of inside pen-

tagonal dodecahedra because of the larger size of

hexakaidecahedra cage [13]. The ADP of filling atoms is
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Fig. 4 Temperature dependence of Seebeck coefficient for

Ba8Ga16?xZn3Ge27-x compounds
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Fig. 5 Temperature dependence of thermal conductivity for

Ba8Ga16?xZn3Ge27-x compounds
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remarkably larger than that of framework in type-I clath-

rate, and the reduction of lattice conductivity jL is mainly

caused by ‘‘rattling’’ of filling atoms; the vibration of

framework atoms has no apparent influence on the lattice

thermal conductivity [26].

Dimensionless thermoelectric figure of merit ZT

The dimensionless thermoelectric figure of merit ZT is

calculated by using ZT = a2rT/j from the measured elec-

trical conductivity r, the Seebeck coefficient a, and the

thermal conductivity j. Figure 6 shows the temperature

dependence of ZT for p-type Ba8Ga16?xZn3Ge27-x sam-

ples. Of all the obtained p-type Ba8Ga16?xZn3Ge27-x

samples, Ba8Ga16.2Zn3Ge26.9 shows the greatest ZT values

in the measured temperature range. The maximum ZT

value of 0.43 is obtained at about 700 K for this sample,

and it is increased by 13% compared to that of

Ba8Ga16Zn3Ge27 compound.

Conclusions

In this study, we mainly focus on enhancing carrier con-

centration of Zn-doping Ba8Ga16?xZn3Ge27-x type-I

clathrates by increasing Ga content slightly and conse-

quently to improve the figure of merit of p-type clathrate.

The results show that the carrier concentration Np of p-type

Ba8Ga16?xZn3Ge27-x type-I clathrates increases remark-

ably compared with that of Ba8Ga16Zn3Ge27 compound

which result in the increase of electrical conductivity

remarkably although carrier mobility lH decreases slightly

with the increase of Ga content. The thermal conductivity

increases with the increasing of Ga content due to the

increase of electrical conductivity. In all p-type Ba8Ga16?x

Zn3Ge27-x compounds, Ba8Ga16.2Zn3Ge26.8 exhibits the

highest ZT value, it reaches 0.43 at 700 K, and it is

increased by 13% compared with that of Ba8Ga16Zn3Ge27.

It is an effective way to enhance the thermoelectric per-

formance of p-type Zn-doping Ba8Ga16?xZn3Ge27-x type-I

clathrates by slightly increasing the Ga content.
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