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Powder samples of the type | clathrate phases, with the proposed stoichiomeftlisBigy and
EwBasAl16Sis0, Were synthesized using direct reaction of stoichiometric amounts of the elements. Rietveld
refinement of powder X-ray diffraction data is consistent with the clathrate type | structure. Composition,
microstructure, and thermoelectric property measurements were made on hot-pressed pellets. Stoichiometry
of the BaAl 16Sizo sample was determined from microprobe data to h&\BaSis;, close to the deficient
framework solid solution of the general formula,gB&Siso—z/4] 2-1/4x (X = 14; [], open square indicates
lattice defect). In the case of the rare-earth-substituted compound, microprobe analysis of the microstructure
indicates that it is not single phase, but contains multiple components, most of the general clathrate
stoichiometry. The majority phase has the stoichiometry EABgSis,. Both phases show conductivity
typical of heavily doped semiconductors with negative Seebeck coefficients. The highest Seebeck
coefficients are— 99 and—71 uV/K at 1192 K for BaAl14Si;; and EuBaAl13Sis3, respectively. The
maximumzTis 0.34 at 1150 K and 0.22 at 1165 K for §4,4Sis; and EuBaAl 13Sizs, respectively.

Introduction disilicides® 7 metal chalcogenide€s’, several boron com-
poundst®tt and the oxide material TiQ'? have attracted
attention for high-temperature thermoelectric applications,
where the lattice contribution is less important. A highly-
crystalline material typically has lattice thermal conductivity
%ecreasing with temperature asT While the electronic
contribution is flat or increasing with temperature because
of the additionalT term in the WiedemannFranz relation
between electrical resistivity and electronic contribution to
the thermal conductivitye = LT/p (where L is the Lorenz
factor). For example, n-type SiGe has provided a surprisingly
high figure of merit and remains a unique light element
material for thermoelectric applicatiofs.

Thermoelectric devices have gained renewed interest for
environmentally benign power generatibi.If sufficiently
efficient, thermoelectric devices can be developed to utilize
waste heat sources, such as geothermal vents or automotiv
exhaust heat, to produce electrical power. Such power
generation would require minimal amounts of fossil-energy
consumption and would produce virtually no harmful emis-
sions.

A good thermoelectric material requires a combination of
high electrical conductivityd) or low electrical resistivity
(p), low thermal conductivity«), and high thermopower or
Seebeck coefficienty, ultimately resulting in a high figure , .
of merit (ZT = ST/pk, whereT is temperatured.Materials Some ternary clathrate_ p_has_es, which combine a small
that best meet these requirements are typically heavily doped@mount of heavy atoms within a light atom framework, show
small band gap semiconductors or semimetals. Such material€Xcellent thermoelectric figures of met#t.1°> For example,
provide a balance between the high Seebeck coefficient of BeGaGeso, grown using the Czochralski method, shows a
semiconductors and the low electrical resistivity of metals. 2T ©f 1.35 at 900 K This promising figure of merit

In general, materials that contain light elements are often €XemPplifies the importance of exploring light element ternary
not considered for thermoelectric materials because heavy:.
elements are normally associated with low lattice thermal % H:iﬂ:gg :-ngsk-a SG-T? 1F?h73s7bﬁ£1n?- Solicko78 39, 499
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clathrate phases. Although extensive work has been publishedlaced in a fused silica tube, and sealed under 1/5 atm Ar. The

on the Ga-Ge clathrate$31° very little has been reported
on the Ga-Si and A-Si clathrate phases. Thermoelectric
properties of BgGaSiss, BasGayeSizo, and EuBasGasSiss
prepared by arc melting have been measdfed,with an
estimatedzT of 0.87 at 870 K for BgGaysSizo.'° BagGawe
Sizo phases are reported to melt congruently, with a melting
point between 1384 and 1470 K, depending on the stoichi-
ometry®®

Similarly, very few Al-Si clathrates have been studied
for thermoelectric properties and none measured at high
temperature whereT is maximized. Thermoelectric proper-
ties of BQA' 168i30, BaeA| 128i33, and S§A| 108i36, and Euy-
BasAl 16Siso prepared by arc melting and annealing, have been
briefly investigated. Out of these, B 16Siso is the most
promising, with a room-temperature Seebeck coefficient of
approximately—48 uV/K.1"18Recently, a new investigation
of the Al-Si clathrate phases has taken place in hopes of
optimizing stoichiometry, and thus thermoelectric proper-

reaction vessel was heated to 8@for 7 days. After 7 days, the
furnace was turned off and allowed to cool to room temperature
before reaction vessels were removed. The reaction product was
ground and reheated several times to promote sample homogeneity.
To obtain a dense sample, we hot-pressed finely ground powder in
high-density graphite dies (POCO). The hot-pressing was conducted
at a pressure of about 20000 psi and at 9G0for 1 h under an
argon atmosphere. A cylinder several mm long and 12 mm in
diameter was thus obtained. The density of the pellet (calculated
from measured dimensions and weight) was found to be about 99%
of the theoretical density.

Characterization. X-ray powder diffraction data were collected
with a Scintag PAD-V employing Cu dradiation. Data acquisition
for both phases was performed with WinAcqg software. Sample
analyses and Rietveld refinement of selected samples were per-
formed using the REITICA software package. The peak profile was
chosen to be pseudo-Voigt (Howard asymmetry) and the back-
ground was fit to a fifth-order polynomial. Atomic positions, as
well as the overall temperature factors, were held constant.

Microprobe analysis was performed on polished pressed pellets.

ties? The Al-Si clathrate phases are attractive candidates The samples were placed in a Cameca SX100 electron microscope
not only because they offer a light element alternative to equipped with a wavelength-dispersive spectrometer. The micro-
the Ga-Ge phases but also because they are expected t@robe was operated at a 15 nA beam current and 20 keV
exhibit higher melting points than the G&e phases, thereby  accelerating potential. Net elemental intensities for Al and Si were

expanding the temperature regime where these phases magetermined with respect to pure elemental calibration standards that
be applicable. were polished before the measurement to ensure the elements were

In this paper, the high-temperature thermoelectric proper- not oxidized. EuP@and BaA siSio.«1 were used as standards to
. . . determine the net elemental intensities for Eu and Ba, respectively.
ties of two Clathrat.e phases, $#d1Sis: a”‘?' EF‘B"’A' 13S_|33'_ Totals for all analyses were 100%. The elemental stoichiometries
pre_pared by reacuon of the element§ with ideal stoichiom- o majority phases were quantitatively determined to g B
et_nes according to .the phasessBhSizo and El;!BBeN 16 Al14.000.45130.80.3) @and EU.1(0.6B86.90.7Al 12.80.35132.90.3) Standard
Sizp and characterized by powder X-ray diffraction are deviations are given in parentheses.
presented. The samples were then hot-pressed, and the A Netzsch Thermal Analysis STA 409 PC was used to evaluate
composition and microstructure were investigated via mi- the thermal properties of BAl1,Siz; and EuBaAl 13Sis3 between
croprobe analysis. Measurements of electrical resistivity, 298 and 1373 K. After a baseline was established, pieces of the
thermal diffusivity, and the Seebeck coefficient in the hot-pressed pellet (460 mg) were placed in alumina crucibles
temperature range 3601200 K, the thermoelectric properties and heated under vacuum at 10 K/min with an acquisition rate of

in the region of interest for such clathrates, have been 4 POINtS/K. _
measured and will be discussed Thermoelectric Property Measurements.Samples in the form

of discs (typically a 1 mmthick and 12 mm diameter slice) were
cut from the cylinder using a diamond saw for electrical- and
thermal-transport properties, whereas the Seebeck coefficient
measurement was performed on the remaining cylinder.

Experimental Section

Sample Preparations. BagAl14Si3; and EuBaAl5Siz3 were : Al .
synthesized by direct reaction of the elements according to the ideal The electrical resistivity ) was measured using the van der

stoichiometry for clathrate phases ofdé;cSizo and EuBacAl 16 Pauw technique with a current of 1QO' mA using a specigl high-
Siy: Ba (Johnson Matthey, 99.9%), Eu (Ames Lab, 99.99%), Si temperature apparatésThe Hall coefficient was measured in the

(AESAR, 99.999%), and Al (Matheson Colemen and Bell 99.6%). same appar_atus with a constant magnetic field value of at_)o_ut 10 000
Elements were loaded into alumina crucibles that were capped,G' The_carrlerdens!ty was calculatec_i from_ the Hall goefflmamt R
assuming a scattering factor of 1.0 in a single-carrier scheme, by
n = 1/Rye, wheren is the density of free electrons aathe charge

of the electron. The Hall mobilityy was calculated from the Hall
coefficient and the resistivity values withy = Ru/p.

The Seebeck coefficiens( was measured at room temperature
with copper-constantan probes and at high temperature using a
high-temperature light pulse technique with Nb/W thermocoufiles.
Nb/W thermocouples have low accuracy below about 400 K, so
these data were omitted.

The thermal diffusivity and heat capacity were measured by laser
flash technique in a Netzsch LFA 457 system up to 900in a
dynamic vacuum using a pyroceram standard for heat-capacity
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Figure 1. Rietveld profile fit for (a) BaAl14Sis1, a = 10.62731(5)R, = 10.55%,Ryp = 15.66%, and;> = 1.98% (* indicates Si peak); (b) EuB 13Sis3,
a=10.6143(4) R, = 12.44%,R,p = 19.44%, and;®> = 2.78% (* indicates impurity phase). Experimental data points are shown as black crosses, and the
theoretical fit is shown as a gray solid curve. The data were refined for the spaceRyrGag(black ticks), and the difference between the observed and
theoretical patterns is shown below the black ticks. The insets show the X-ray powder patterns before hot-pressing.

measurements. The heat capacity was found to be close to the2.78%. The lattice parameter for g8d,,Sis; is in good
Dulong—Petit (&y/atom) value, with a slight linear increase with  agreement with previously published results for the ideal
temperature. A linear fit to the heat capacity and the experimental phase, BgAl16Sizo (10.6285(4) A):ES The lattice parameter
density was qsgd to calculate the thermal conductivity from the 5, EuBaAl13Siss is larger than that reported for BRB6Al s-
thermal diffusivity measurements. Siss at 10.496(2) Al This is expected, however, because of
the larger amount of Al in the framework of Eui2d;3Siss.
X-ray diffraction is not sufficiently sensitive to distinguish
Figure 1 shows the X-ray powder diffraction patterns of between Al and Si, because they are very close in electron
(a) BaAl14Sis; and (b) EuBaAl 15Sizs, respectively, before  density. Therefore, refinement of atomic positions and
(inset) and after the samples were hot-pressed. All peaksthermal parameters was not performed. Powder X-ray
could be indexed to the clathrate type | structure except for diffraction was used to confirm that these phases were type
the peak attributed to the most intense reflection of Si in | clathrate phases and to obtain a unit-cell parameter. For
BagAl14Siz; and a peak attributed to one of the minority this reason, the residuals are somewhat higher than if full
phases in EuB#l 13Sizs, which will be discussed in the next ~ structure analysis were performed; however, the residuals
section. The powder pattern of EuBd,5Sizs before hot- are acceptable for refinement of the lattice parameters.
pressing does not contain the impurity phase peaks. The Because refinement of the X-ray powder diffraction data
Rietveld refinement of B#\l,,Sis; yieldeda = 10.62731- could not distinguish Al and Si, element analysis from
(5) A, R, = 10.55%,R,, = 15.66%, andy? = 1.98%. microprobe analysis was used to establish stoichiometry.
Similarly, the Rietveld refinement of EuB&l 15Sis3 yielded Figure 2 displays the back-scattered electron image (BSEI)
a=10.6143(4) AR, = 12.44%,Ry, = 19.44%, ang;? = and X-ray maps of Ba, Al, and Si for the polished hot-pressed

Results and Discussion
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Figure 2. Back-scattered electron image (BSEI) ofsBh4Siz1, and X-ray maps at 15 kV of Ba, Al, and Si, respectively, for the polished hot-pressed pellet
of BagAl14Sis1. Scale bar is 20@m for both the BSIE and X-ray maps.

Figure 3. (a) Back-scattered electron image (BSEI) at 200 of EuB&Al13Sis3, (b) close up of the BSEI at 100m, and (c) X-ray maps at 20@m and
15 kV of Eu, Ba, Al, and Si, respectively, for the polished hot-pressed pellet of uiiB8is3. Regions where the stoichiometry was obtained are indicated
and also provided in Table 1. The box and circle provide a reference for comparing the same place in the elemental mapping.

pellet of BaAl1,4Sis;. Figure 3a-c displays the BSEI, a close respectively, for polished hot-pressed pellets of E4Ba-
up of the BSEI, and X-ray maps of Eu, Ba, Al, and Si, Sizs. The close-up of the BSEI is presented to better see the
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Table 1. Average Atomic Percent of Elements (standard deviation in parentheses) for a Hot-Pressed Pellet of EuBR3Siss (various regions are
as indicated in Figure 4)

average at % of elements

average
region Eu Ba Al Si stoichiometry

majority (1) 0.836(0.4) 13.991(0.3) 24.38(0.2) 60.79(0.1) o.f3Bay Al 13Sizs
majority (2) 2.036(0.6) 12.874(0.6) 23.84(0.3) 61.25(0.3) 1BE6Al 13Siz?
Eu-rich (3) 21.15(0.2) 0 37.52(0.1) 41.03(0.2) Euj°
Al-rich (4) 14.08(0.04) 15.25(0.1) 65.16(1.1) 5.51(1.2) EuBaslo &
minority (5) 5.17(0.5) 9.79(0.6) 23.25(0.3) 61.82(0.3) sBasAl 15Sizs?
minority (6) 14.8(0.3) 3.245(0.5) 61.82(0.2) 33.75(0.4) 7E@ Al 30Sic?

aNormalized so that E4- Ba = 8.00.° Normalized so that AH- Si = 46.00.¢ Normalized so that Ee= 1.

different regions within the pellet. The X-ray maps for each 14
phase are the same region as that shown in the BSEI (a) for
both figures. In the X-ray maps, regions that are brighter
indicate a higher concentration of the element being irradi- 10
ated, and regions that are darker indicate lower concentra- ¢ |
tions. The very dark regions in the BSEI and X-ray maps 4
are cracks or valleys in the polished pressed pellets. These § 6+
cracks or valleys can help align the X-ray maps so that the € ,
same region in each map can be identified. The BSEI as §
well as the X-ray maps show that the $B& 4Sis1 pellet is
relatively stoichiometric, whereas Eupd,sSis3 pellet is not 0-
uniform in stoichiometry, as indicated by the gradation in
light and dark regions in the BSEI image. ThegBhsSis;

{@)

wiaylopuy  wiayiox3

Heating ,

—
Cooling

pellet contains the majority phase,dga7Al 13.99(0.35130.82(0.2) Bl

and a small amount of minority phases Bg@J. Addition- 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

ally, the very bright regions in the X-ray maps (Figure 2b) 45 i i)

for Al and Si show that the sample contains excess Al and 1{(b)

Si and is consistent with the X-ray powder pattern fog-Ba 14'_

Al 14Sis;. This sample will be referred to as 8€14Sis;. 12 - I
The EuBaAl;3Sis; pellet contains several different sto- 10 %‘

ichiometries mostly consistent with type | clathrate stoichi- ’g:" Fa

ometries. The majority and minority phases are labeled in S - 3

the BSEI image (Figure 3b) and summarized in Table 1. E 6 - -

There are two majority phases that have slightly different @ , 1 ;-:

stmch_mmetnes: EsuBay Al 13Sis3 anq EuBaAl 1_3S|33. Th_ey 5 Heating 3

are similar in framework composition but different in Eu 5 3

and Ba content. The Eu-rich region, labeled (3) in Figure 0 l

3b, has the highest concentration of Eu and the lowest ] “mng

concentration of Ba. This is clearly observed in the Eu X-ray

map (brightest regions) and in the Ba X-ray map (darkest
regions). Note that the pattern of each region matches with
the corresponding element’s X-ray map; a box is outlined
to better show the same region in the Eu and Ba X-ray maps.Figure 4. DSC (mV/mg) traces as a function of temperature for (ag-Ba
Similary, the Al region, labeled (4) n Figure 3b, has the 271561315 (9 Eubadlio Data were abiancd by hestnglocolrg t |
highest concentration of Al and the lowest concentration of

Siand is also clearly observed in the Al and Si X-ray maps. evident after the hot-pressing. This mixture will be referred
A circle is indicated in both the Al and Si X-ray maps to to hereafter as EuBAl15Siz3, according to the majority
better indicate the same region within the maps of the two phase.

elements. The empirical formula as determined for the The DSC scans as a function of temperature for a piece
elemental ratios for region 3 and region 4 are EX$&land of the hot-pressed pellet of Bal14Sis; and EuBaAl15Siss
BaEuSjAl4e respectively. The two remaining minority are presented in panels a and b of Figure 4, respectively. In
phases are clathrate phases and have stoichiometries Euboth cases, there is negligible weight loss, or weight gain.
BasAl 1,Siz3 and EyBaAlseSis4 and are present only at the The DSC traces versus temperature display a broad endo-
grain boundaries. The small amounts of these impurity therm (melting) from 1300 to 1400 K for BAl;4Siz and
phases, along with similar lattice parameters with respect to 1357 to 1400 K for EuB#l,3Sis3 and a sharp exotherm
the majority phases, makes it difficult to discern the (recrystallization) at 1355 and 1360 K for §#d.4Sis; and
inhomogeneity of the sample using X-ray powder diffraction EuBgAl15Siss respectively. There are additional small peaks
alone. The powder diffraction pattern before the hot-pressingin both samples that cannot be identified as any impurity
was consistent with clathrate | phase, and impurities becamephases or any of the elements. The broad melting transition

-4 SO U O IS (W W PN SR ISR DO . W P VR |
400 500 600 700 800 900 100011001200130014001500
T(K)
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Figure 5. Temperature dependence of the (a) resistivity, (b) Seebeck coefficient, (c) total thermal conductivity (circles) and lattice thermal gonductivit
(triangles), and (dxT for BagAl14Siz1 (open symbols) and EuBAl13Sizs (filled symbols) hot-pressed pellets.

Table 2. Room-Temperature Seebeck Coefficients], Electrical of the Seebeck coefficientH 49 uV/K) for BagAl16Siso
Resistivity (p), Electron Concentration (n), and Hall Mobility ( gn) reported by Mudryk et al. are higher than those ofBa:-
compd SEVIK) p(mQcm) n(em™®)  un(cm?V-is?) Sis;. This can be attributed to a lower free-carrier concentra-
BagAl 14Sia1 —35 0.54 1x 1071 2 tion in BaAl16Sisp due to the difference in chemical com-

EuBaAlisSiss 7 0.94  1x 107 3 position. Microprobe analysis of the sample reported here

ielded a stoichiometry closer to B 14Siz;, whereas the

and extra peaks in the DSC are attributed to the presence o a6Al16Siso phase presented by Mudryk et al. is reported to

multiple phases of slightly different stoichiometry and the be on stoichiometry?18 BagAl 16Siso has a slightly lower

presence of impurities. _ ~_ valence electron count per framework atom (or per Al/Si
The temperature dependence of the electrical resistivity atoms) than Bgil14Sis;, which can account for the lower
and Seebeck coefficient are shown in panels a and b of Figurezarrier concentration. As the sample becomes closer to the
5, respectively. In Table 2, the room-temperature Seebeckyalence precise stoichiometry of Bd.sSiso, the resistivity
coefficient electrical resistivity and carrier concentration of znd the absolute value of the Seebeck coefficient should
the clathrate compounds are provided. Bot@BaSis;and  increase. A similar effect is also expected from Eu-doped
EuB&Al15Sis3 possess-tiype conductivity, as indicated from  samples, but because of the inhomogeneities, it is difficult
both the Hall effect and thermopower measurements. Theseg make meaningful structure property correlations.
values are gomparable to those found inGasGey and Differences in electronic-transport properties for the clath-
BasGaSizo” The electrical resistivity of Ba\l14Sis; and rates that are the same nominal stoichiometry but prepared
EuB&Al15Sis3 increase with increasing temperature, char- gitferently are not uncommon and are presumed to be due
acteristic of metallic or heavily doped semiconductor be- to small chemical or defect concentrations producing sig-
havior. The absolute value of the Seebeck coefficient pificant differences in free-charge-carrier concentrations. For
gradually increases with increasing temperature and eXh'b'tSexampIe, previous reports on G&e framework clathrates,
a maximum of— 99 and—71uV/K at 1192 K, respectively.  prepared by different methods, yield different electronic and
Mudryk et al. reported the room-temperature Seebeck thermal properties, even though the stoichiometries are
coefficient for the phase EBasAl Sizs to be—8 uV/K, which reported to be the san@2

is very close to our measured room-temperature Seebeck There are two components to the thermal conductivity.

coefficient for EuBaAl15Siss. The electronic componentd) depends on the electrical
There are clear differences between the transport properties
of the BaAl14Siz; sample reported here and thegBheSizo (25) Bryan, J. D.; Blake, N. P.; Metiu, H.; Stucky, G. D.; Iversen, B. B.;

118 . Poulsen, R. D.; Bentien, Al. Appl. Phys2002 92, 7281.
sample reported by Mudryk et C Namely, the room (26) Nolas, G. S.; Cohn, J. L,; Slack, G. A.; Schujman, SABpl. Phys.

temperature resistivity (0.85@cm) and the absolute value Lett. 1998 73, 178.
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conductivity and can be estimated using the Wiedemann composite phases may provide improved thermoelectric
Franz law ke = LoT(1/p), whereL, is the Lorenz numbep properties’ and further investigations are necessary to
is the electrical conductivity, antlis temperature. The free-  confirm this.

electron valuelo = 2.44 x 108 W Q K2, was used in

calculating the lattice thermal conductivity. The second Summary

component is the lattice component and depends on structural

details such as structural complexity and disorder. Figure BasAl14Sizn and EuBaAl15Siss have been prepared via
5c shows the total thermal conductiviky,and lattice thermal ~ solid-state reaction of the elements at high temperature. Hot-
conductivity, k), for BagAl1,Siz; and EuBaAl15Sizs. The pressing into pellets provides B 1.Sis; as a single-phase
lattice thermal conductivity is low and consistent with the compound and EBa;Al 15Siz3 as a multiphase material. The
low lattice thermal conductivities exhibited by most clathrate melting points of both phases are above 1300 K, making
phases. Taken together, these data fayABaSis; provide a them ideal for high-temperature thermoelectric applications.

zTof 0.34 at 1150 K, and for EuBAl15Sis;, azTof 0.22 at ~ Both samples show heavily doped n-type conductivity.
1165 K, as shown in Figure 5d. Thermal conductivities are also low, comparable to other

The Seebeck coefficient of EuBM 15Sis3 is lower than clathrate phases. The absolute values of the Seebeck coef-
that of BaAl 14Sis1, and consequently, the thermal conductiv- ficients are not significantly large, but give rise to reasonable
ity is expected to be higher than that of & ,Sis;. The zT values for BgAl14Sis; at high temperatures. TreT for
lower thermal conductivity of EuBAIl15Siss is ascribed to  BasAl14Sks; is promising, and optimization of the stoichi-
the added disorder caused by impurity scattering. Although ometry may provide a low-density material with highest
there is much published on clathrate phases, little has beerEfforts are underway in this direction.
published on the microstructure, and therefore, it is difficult
to compare implicitly with other phases. These results  Acknowledgment. This research was funded by NASA and
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as is the case for EuBal,3Siss. In this way, the Seebeck
would remain tht_a same an_d the thermal _conduc_tivity would (27) Condron C. L. Kauzlarich, S. M. Gascoin, F.; Snyder, G. Solid
decrease, resulting in an increasezih It is possible that State Chem2006 179, 2252.




