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a b s t r a c t

The type-I clathrates Ba8Cu5(Si,Ge,Sn)41 show promising thermoelectric (TE) properties. We investigated
the influence of Sn substitution for Ge on the TE properties of Ba8Cu5Si6(Ge,Sn)35 samples prepared by
the fast and economic meltespinning technique and compared our results with a sample series prepared
using the conventional synthesis method of highefrequency melting and hot pressing. All samples
crystallize in cubic symmetry with the space group Pm3n. Scanning electron microscopy (SEM) together
with energy dispersive x-ray spectroscopy (EDX) revealed a maximum solid solubility limit of 0.6 Sn
atoms per unit cell. Electrical transport measurements showed metalelike behavior. The negative slope
of the Hall resistivity rH points on the dominance of electrons in this material, confirmed by Seebeck
coefficient measurements. With increasing Sn content the Cu concentration decreases and vacancies
appear. These secondary effects have a stronger influence on electrical transport than the direct influence
of the Sn substitution. The electronic transport is dominated by alloy scattering at high temperatures and
neutraleimpurity scattering at low temperatures. The phononic thermal conductivity is by a factor of
two lower than in the hot pressed samples. The dimensionless figure of merit ZT ¼ 0.43 at 773 K is
reached for the sample with the highest Sn content.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Materials with an open crystal structure in which guest atoms
can be trapped have attracted attention due to their potential for
thermoelectric applications. Clathrates belong into this class of
materials, in particular their typeeI form. The crystal structure of
typeeI clathrates is based on two pentagonal dodecahedra and six
tetrakaidecahedra so that the unit cell is cubic with space group
Pm3n (Ref. [1]). These polyhedra form an sp3 hybridized framework
in which guest atoms can be located [2]. Clathrates are considered
as phonon glasseelectron crystal (PGEC) materials whose elec-
tronic properties are similar to good semiconductor/metal single
crystals. Their thermal conductivity exhibits low values similar to
glasses due to the interaction of acoustic phonons with rattling
modes of the guest atoms [3]. Recently it was shown for the typeeI
clathrates Ba8Ni6�xGe40þx that the guest atoms are not completely
me�s).
isolated from the host cages. Rather, the rattling modes of the guest
atoms hybridize with the frameworkederived acoustic phonons
over awide region of the Brillouin zone [4]. Based on these results, a
new mechanism of phononic lowepass filtering of acoustic pho-
nons modes was introduced to explain a low lattice thermal con-
ductivity in clathrates [4,5].

Clathrates have potential as TE materials. Especially typeeI
clathrates with a germaniumebased framework have been much
investigated due to their good TE performance [6]. The TE perfor-
mance of a material is given by the dimensionless figure of merit,
ZT ¼ S2T/rk, where S is the Seebeck coefficient, r is the electrical
resistivity, k is the thermal conductivity, and T is the absolute
temperature [7]. In the case of Czochralskiegrown netype Ba8G-
a16Ge30 single crystals the highest ZT value of 1.35 at 900 K was
reported [6]. Clathrates like Ba8CuxSi46�x, composed of low price
elements, have also raise the attention to researchers [8e10].
Ba8Cu6Si40 for instance showed ZT ¼ 0.23 (Ref. [9]) and later on
ZT ¼ 0.5 was shown for Ba8Cu5Si3Ge38 (Ref. [10]).

In the present study, we investigate polycrystalline samples
with the nominal compositions Ba8Cu5Si6Ge35�xSnx (x ¼ 0.6 � 3.0)
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prepared using melt spinning. We expected the partial Ge substi-
tution by heavier Sn to lower the thermal conductivity. Not only the
reduction of thermal conductivity by substitution with heavier Sn
was successful but as well the change of the electronic structure
shifted the maximum of ZT to a lower temperatures [11]. The
motivation of this study was to increase the amount of substituted
Sn in studied clathrates by forming a metastable phase and
therefore enhance TE properties. Melt spinning was selected not
only because it has been considered as fast and economic synthesis
technique (Ref. [12]) but also it has been previously proved to
increased the solid solubility range compared to the conventional
synthesis method of highefrequencymelting and hot pressing [13].
2. Experimental

2.1. Sample preparation and characterization

A series of samples with nominal compositions Ba8Cu5Si6-
Ge35�xSnx with x ¼ 0.6, 0.8, and 3.0 was prepared using high-
epurity bulk elements (Ba 99.9%, Cu 99.999%, Si 99.999%, Ge
99.9999%, Sn 99.999%). All elements were melted in a high-
efrequency furnace prior to the quenching by melt spinning on
copper rotating wheel of diameter 300 mm with a speed of
3000 rpm (Ref. [12]). The meltspun (MS) flakes were then pow-
derized in an achat mortar and sintered by spark plasma sintering
(SPS) at 1073 K for 15 min under 56 MPa. The whole procedure was
undertaken under Ar (99.999%) atmosphere. The samples after SPS
are denoted as MSþSPS samples. The relative densities of the
MSþSPS samples were calculated from the experimental density
measured by the mass and the geometry (with a regular shaped
sample), and from the theoretical density, respectively.

The phase constitution of the samples were studied by x-ray
powder diffraction (XPD). The XPD data were collected using a
HUBEReGuinier image plate system (Cu Ka1, 8� < 2q < 100�). The
lattice parameters of the typeeI clathrate phase were calculated by
leastesquares fits of peaks using Ge as internal standard
(aGe ¼ 0.5657906 nm). The phase compositions were determined
using energy dispersive x-ray spectroscopy (EDX) in a Philips XL30
ESEM scanning electron microscope (SEM) operated at 20 kV.
2.2. Physical properties

Physical properties at low temperatures were measured with a
Physical Property Measurement System (PPMS) of Quantum
Design. The electrical resistivity and the Hall effect were measured
in the temperature range 1.8 K < T < 300 K with a 6epoint quasi ac
technique in a PPMS using a rotator. Hall effect measurements were
performed on thin samples. The Hall voltage was measured in
magnetic fields up to 9 T at the angles 0� and 180� between the
sample and the magnetic field, to eliminate the misalignment
voltage.

The Seebeck coefficient S and electrical resistivity r above 300 K
were measured using a static dc method (ZEM 3, UlvaceRiko) with
four probes. The thermal conductivities k above 300 K were
calculated from the thermal diffusivity data a measured by a
lasereflashmethod (Flashlinee3000, Anter, USA), the heat capacity
of the respective material Cp assuming the DulongePetit limit, and
the density of the material D using the relation k ¼ aCpD. In the
temperature range 1.8 K < T < 300 K, the heat capacity was
measured using a relaxationetype technique. The sample was
thermally attached to the sample holder using thermally con-
ducting Apiezon N grease. The heat capacity of the sample was
evaluated by subtracting the Apiezon N contribution from the total
signal.
3. Results and discussions

3.1. Phase analysis and structural properties

Fig. 1a shows the crossesection of a MS flake of the sample with
xEDX ¼ 0.48 as an example. The typical thickness of a MS flake is
5 mm. It is evident that grain growth occurs predominantly
perpendicular to the copper wheeletouching side of the flake
where the melt solidifies first. The grain size is smaller on the
copper wheeletouching side than on the copper wheeleaverted
side. A MS flake polished to approximately half of its thickness
shows grain boundaries enriched in Sn (see Fig. 1b). According to
XPD, all MS samples are typeeI clathrate phases with a small
amount of Sn as impurity phase. Fig. 1c shows for simplicity the
XPD pattern for one MS sample of xEDX ¼ 0.60. During the SPS
process a small amount of diamond phase Ge0.67Si0.33 formes, while
the Sn impurity phase disappears (see Fig. 1c). The composition of
theMSþSPS samples evaluated from EDX, their relative density and
their lattice parameter are shown in Table 1. The maximum amount
of Sn in the typeeI clathrate phase is approximately 0.60 at./u.c.
which, unfortunately, is only slightly larger than the reported value
in Ref. [11] (see also Table 1). The Cu content decreases with
increasing xEDX. This together with a possible appearance of va-
cancies influences the electrical transport, as further discussed
below. All MSþSPS samples are well compacted, with relative
densities d between 95% and 98%.

Fig. 1d shows that the substitution of Ge by larger Sn atoms
increases the lattice parameter a in the hot pressed samples with a
low substitution level xEDX. However, in theMSþSPS samples with a
higher substitution level a decreases with increasing xEDX. We as-
sume that the latter is due to the decrease of (CuþGe)/(Si) ratio, as
Cu and Ge are larger than Si (see Table 1).

3.2. Transport properties

The charge carrier concentration nH ¼ 1/RHe was evaluated
within a singleeband approach, where RH ¼ limH/0rH/m0H corre-
sponds to lineareresponse Hall coefficient [14]. For all samples rH is
linear in m0H at all temperatures. The Hall coefficients show a
negative sign, pointing to the dominance of electronelike con-
duction in all samples. The evaluated RH below 300 K is essentially a
temperature independent, as typical for a simple metals. Taking
into account the band gap energy of about 0.2 eV, as further dis-
cussed below, we assume that RH(T) is constant at all investigated
temperature range as well. A metalelike behavior is observed as
well from the temperatureedependent electrical resistivities r of
all Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60) MSþSPS samples
investigated here (Fig. 2b). Below room temperature r(T) is
described well by the BlocheGrüneisen model containing a
MotteJones T3 term (solid lines in Fig. 2b). The nH values of the Sn
substituted MSþSPS samples are larger (nH ~ 2.0e4.0 � 1026 m�3)
than those of the hot pressed samples (nH ~ 1.0 � 1026 m�3) (see
Fig. 2a). The increase of nH and decrease of r with increasing xEDX
might indicates a change of the electronic band structure of the
samples. This can be understood within a phenomenological pic-
ture of the electronic band structure of TM containing clathrates
[15]. The Fermi level lies within the conduction band. This explains
themetalelike behavior of r(T) and the negative sign of the Seebeck
coefficient S, as further shown below. With higher xEDX, the Fermi
level is shifted more deep within the conduction band. Thus, the
charge carrier concentration nH increases and, consequently, the
absolute values of r(T) and S(T) decrease. This change is possibly
more related to the Cu and the vacancies content than the Sn
content in the clathrate phase, as further discussed below.

In Fig. 2c we show the temperature dependence of the electrical



Fig. 1. SEM picture of (a) a crossesectional MS flake and (b) polished surface of a MS flake with xEDX ¼ 0.48. (c) XPD spectra for Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60) MS and
MSþSPS samples. The spectra were normalized to the highest peak of the clathrate phase. (d) Evolution of the lattice parameters of the clathrate phase versus the Sn content
derived from EDX, xEDX. Data for hot pressed samples are added from Ref. [11]. The line is a guide to the eye and the numbers are the sample codes from Table 1.

Table 1
The Sn content x and xEDX in the nominal composition and real composition evaluated from EDX, respectively, sample code, chemical composition, lattice parameter a,
(CuþGe)/(Si) ratio, and relative density d of Ba8Cu5Si6Ge35�xSnx (x ¼ 0.6e3.0) MSþSPS samples (Codes: 1e3), and hot pressed samples (Codes: 4e6) from Ref. [11] for
comparison.

x xEDX Code Composition a (nm) (CuþGe)/(Si) d (%)

0.6 0.48 1 Ba8Cu5.23Si6.43Ge33.68Sn0.48 1.06596(1) 6.05 96.3
0.8 0.57 2 Ba8Cu5.21Si6.79Ge33.34Sn0.57 1.06579(3) 5.68 94.8
3.0 0.60 3 Ba8Cu5.06Si7.46Ge32.76Sn0.60 1.06465(1) 5.07 98.0
0.2 0.18 4 Ba8Cu4.98Si5.88Ge34.76Sn0.18 1.0656(2) 6.76 94.6
0.4 0.41 5 Ba8Cu4.92Si5.92Ge34.57Sn0.41 1.0664(1) 6.67 96.7
0.6 0.55 6 Ba8Cu5.01Si5.93Ge34.28Sn0.55 1.0667(2) 6.63 95.8
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conductivities s. At high temperatures s of xEDX ¼ 0.57 and
xEDX ¼ 0.60 samples follows a temperature dependence of T�3/2

most probably due to the presence of bipolar effects. Below ~ 650 K,
s closely follows a temperature dependence of T�1/2, implying an
alloy disorder scattering dominated carrier scattering mechanism,
visible as well in the Hall mobility data above 40 K (Fig. 2d) [16,17].
The alloy scattering mechanism was observed as well in other TE
materials [18e20].

The alloy scattering is most probably related to the intrinsic
disorder in the clathrate typeeI structure due to a presence of va-
cancies. Below ~ 40 K, the temperature dependencies of the Hall
mobility, mH, evaluated using the relation mH ¼ RH/r, are almost
temperature independent, which is an indication of neu-
traleimpurity scattering as dominating scattering mechanism (see
Fig. 2d).

The temperatureedependent Seebeck coefficient S(T) of
Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60) is linear in T below about
600 K (Fig. 3a). The negative values are consistent with the negative
Hall coefficients and confirm that electrons are the dominating
charge carriers. A maximum Smax and its temperature Tmax is
observed in all S(T) curves. Smax and Tmax are constant for the hot
pressed samples while Smax decreases and Tmax increases for
MSþSPS samples. The reason of this different behavior is due to
different charge carrier concentration evaluated from the Hall co-
efficient measurements, nH (see Fig. 3b).

Generally, the charge carrier concentration in typeeI clathrates
can be estimated from a simple Zintl counting scheme. For the
present clathrates this is written as
[Baþ2]8[Cu�3]5[Si0]6[Ge0]35�x�y[Sn0]x[,�4]y. In theory, all hosts
atoms which form the framework of studied clathrate system are
expected to have a covalent character of their bonds within their
four neighboring atoms and be in sp3 hybridization. Therefore, the
vacancies , are assumed to act as acceptors of four electrons
(4e�=,). Four electrons per vacancy represent a rather high elec-
tron density which might be compensated by other substituted
guest atoms resulting in a smaller electron density (charge) of the
vacancy. It is evident that the chemical origin of guest atoms will
influence the electron density of the vacancy in a different way.



Fig. 2. (a) Room temperature charge carrier concentration nH of all MSþSPS samples and the hot pressed samples from Ref. [11] plotted as function of the Sn content derived from
EDX, xEDX. The line is a guide to the eye and the numbers are the sample codes from Table 1. Temperature dependence of (b) the electrical resistivities r,(c) the electrical con-
ductivities and (d) the Hall mobilities mH of Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60).
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Whether vacancy can accommodate four electrons or not is out of
scope of this paper and it will not influence the comparison of the
charge carrier concentration between the hot pressed and MSþSPS
samples. Therefore, we consider the vacancy as electron acceptors
of four electrons. From the Zintl counting scheme is clear that the
substitution of Sn does not directly change the charge carrier
concentration. However if it leads to a change of the Cu or vacancy
content, then it is indirectly leading to a change of the charge car-
rier concentration. Therefore, the reason for a constant Tmax and
Smax for the hot pressed samples is that the charge carrier con-
centration is rather constant within this sample series. Contrary to
that, the conduction band in theMSþSPS samples is gradually filled
with more charge carriers and the Fermi energy is shifted more
deep within the conduction band. This is mainly due to an decrease
of Cu content with higher xEDX. In order to excite more charge
carriers into a conduction band for a constant band gap within a
sample series (see Table 2), a higher temperature is required.
Therefore Tmax gradually increases and Smax gradually decreases
with nH within MSþSPS sample series.

The lower charge carrier concentration in the Sn substituted hot
pressed samples compared to the MSþSPS samples is due to the
higher vacancy content in the crystal structure and due to the lower
concentration of the Cu. Fig. 3c shows the vacancy concentration
evaluated from the Hall coefficient measurements y for both the
hot pressed [11] and the MSþSPS samples as function of nH. For
example, the y of the hot pressed and MSþSPS samples with the
maximum Sn solid solubility is ~ 0.28 and 0.08, respectively. The
discrepancy of the vacancy content between the hot pressed and
MSþSPS samples might be related to the synthesis process: the
longer sintering time of hot pressing favors the formation of va-
cancies. The discussion about absolute values of vacancies is not the
main scope of this paper, nevertheless, the number of vacancies for
the hot pressed samples is almost the same as determined using
the Rietveld refinement of the XPD data (Ref. [11]) with a model
derived from single crystal X-ray diffraction data of Ba8Cu5Si6Ge35
(Ref. [8]).

The Seebeck coefficient of the hot pressed Sn substituted sam-
ples is larger than that to the MSþSPS samples (see Fig. 3b). Taking
into account the Zintl concept, it seems reasonable to assume that
either the Cu content or the amount of vacancies would have to be



Fig. 3. (a) Temperature dependence of Seebeck coefficient of Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60). (b) Comparison of Smax (open symbols) and its temperature Tmax (solid
symbols) for MSþSPS and the hot pressed samples as function of nH. Data for hot pressed samples are added from Ref. [11]. The lines are guides to the eye and the numbers
represent the sample codes from Table 1. (c) The vacancy concentration evaluated from the Hall coefficient measurements, y as function of the charge carrier concentration per unit
cell evaluated from the Hall coefficient measurements, nH. (d) Temperature dependence of the total thermal conductivity k (open symbols) and phononic thermal conductivity kph
(solid symbols) of Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60).
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increased in order to enhance the Seebeck coefficient values of
MSþSPS samples. It is difficult to control the amount of vacancies,
therefore the change of the Cu content in the samples would be
favorable for the enhancement of the Seebeck coefficient.
3.3. Thermal properties

The temperature dependence of the thermal conductivity k of all
samples and their phononic parts kph are shown in Fig. 3d. k de-
creases with increasing temperature up to about 650 K. Above this
temperature the bipolar contribution is observed, as in the case of
the hot pressed samples (Ref. [11]). kph was evaluated by
Table 2
Band gap energy estimated as Eg ¼ 2eTmaxSmax (Ref. [21]), effective mass m*,
maximum power factor PFmax and maximum dimensionless figure of merit ZTmax of
Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60).

xEDX Eg (eV) m* (m/m0) PFmax (104/Wm�1 K�2) ZTmax

0.48 0.193 0.46 4.85 0.24
0.57 0.215 0.43 5.22 0.28
0.60 0.216 0.52 6.29 0.43
subtracting the electronic part kel from the total thermal conduc-
tivity k. The kel was estimated using the WiedemanneFranz law
kel ¼ L0T/r with L0 ¼ 2.44 � 10�8 V2 K�2. The decrease of kph at low
temperature can be understood as a sum of the Umklapp scattering
of acoustic phonons (kph∽T�1) and alloy scattering (kph∽T�1=2)
processes. A decrease of kph with higher xEDX is most probably due
to higher concentration of larger and heavier Sn substituent and
vacancies content. kph of MSþSPS samples at 750 K is twice smaller
than the hot pressed samples [11].

The heat capacity of xEDX ¼ 0.57 MSþSPS sample is shown in
Fig. 4a as an example. At high temperatures, the molar specific heat
approaches DulongePetit's law Cp ¼ 3RN, where R is the universal
qas constant and N is the number of atoms per formula unit. To fit
the phonon contribution Cph of Cp, the electronic contribution Cel
was estimated by fitting the data at low temperature to Cp/
T ¼ g þ bT2 (Fig. 4, inset), where the Sommerfeld coefficient g

represents the electronic and the b term represents the phononic
contribution. Fitting the data yields g ¼ 9.3 mJ mol�1 K�2 and
QD ¼ 302.6 K. Fig. 4b shows the specific data as Cp/T3 vs T. The
bellelike enhancement around 14 K can be accounted for by Ba
guest vibrational modes. As seen from the good fit with a Debye
contribution CD and two Einstein contributions CE1, CE2 as



Fig. 4. (a) The temperature dependence of the total heat capacity Cp as a function of T with DulongePetit's limit for xEDX ¼ 0.57. The inset shows the temperature dependence of the
heat capacity Cp/T as a function of T2. (b) Total heat capacity Cp/T3, electronic contribution to the heat capacity Cel/T3 and lattice contribution to the heat capacity Cph/T3 as a function
of T for xEDX ¼ 0.57. The lines represent results from fits using the model described in the text.
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the Debye contribution accounts for the framework atoms, and the
Einstein contributions for the guest atoms at the two different sites.
ND and NEi are the numbers of Debye and Einstein oscillators per
formula unit and x ¼ Zu/kBT. QD, QEi and pi are the Debye tem-
perature, Einstein temperatures and the number of degrees of
freedom related to the ieth vibrational mode of the guest atoms,
respectively [22]. Two Einstein temperatures were required to
describe the anisotropic guest vibrations in two pentagonal
dodecahedra and six tetrakaidecahedra cages, respectively. In the
fitting procedure we fixed p1 ¼ p2 ¼ 3 and ND ¼ 54�P

i
NEi. The

best fit of the data for xEDX ¼ 0.57 MSþSPS sample was obtained
with QD ¼ 302.6 K, NE1 ¼ 2.2, NE2 ¼ 7.6, QE1 ¼ 54.0 K and
QE2 ¼ 92.3 K. The sum of both Einstein modes

P
i
NEi for two

separate Ba atoms, Ba1 located at the 2a site and Ba2 located at the
6d site, is 9.8, which is close to the theoretical amount of 8 Ba atoms
per formula unit. These results suggest that mainly Ba atoms
contribute to localized vibrations.

Fig. 5 shows the power factor S2/r and the dimensionless figure
of merit ZT, calculated using the values of S, r and k. The ZTmax and
PFmax are listed in Table 2. The highest ZT of 0.43 was reached at
773 K for xEDX ¼ 0.60.
4. Conclusions

We have investigated polycrystalline Ba8Cu5(Si,Ge,Sn)41 sam-
ples bymeasuring the electrical resistivity, Seebeck coefficient, Hall
coefficient, heat capacity, and thermal conductivity. Our analysis
shows that both themeltspun and spark plasma sintered (MSþSPS)
and the hot pressed samples follow a Zintl rule if vacancies are
assumed to be present. The higher charge carrier concentration and
smaller Seebeck coefficient of the MSþSPS samples is due to a
lower concentration of vacancies and a different concentration of
Cu compared to the hot pressed samples. The MSþSPS samples
exhibit charge transport dominated by alloy scattering at high
temperatures, most probably due to the intrinsic disorder in the
typeeI clathrate structure, while neutraleimpurity scattering
dominates at low temperatures. The phononic thermal conductiv-
ity of the MSþSPS samples was lowered by a factor of two
compared to the hot pressed samples. This result demonstrates the
potential of the fast and economic meltespinning technique.
Nevertheless, due to smaller power factor S2/r the ZT of 0.43 at
773 K for the sample with the highest Sn content is comparable to
the best values for the hot pressed samples.



Fig. 5. Temperature dependence of (a) the power factor PF ¼ S2/r and (b) the dimensionless figure of merit ZT of Ba8Cu5Si6Ge35�xSnx (xEDX ¼ 0.48e0.60). The lines are guides to the
eye.
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